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ABSTRACT 
Ever since Darwin’s theory of sexual selection was first published, understanding the evolutionary 
mechanisms that lead to sex-specific traits and quantifying patterns therein has been a large focus of 
evolutionary ecologists. Sexual variation in phenotypes in form and function is ubiquitous in nature, 
and its extent varies widely, within closely related groups and even species. Understanding patterns 
and the circumstances under which sexually divergent phenotypes evolve requires an understanding 
of both the proximate and evolutionary mechanisms involved. While studies have primarily focused 
on sex-specific morphological traits such as size and secondary trait dimorphism, less attention has 
been given to the functional differences between the sexes. From an evolutionary perspective, sex-
specific traits result from many factors that act differentially on each sex, modifying phenotypic and 
behavioural components that influence the capacity of fulfilling reproductive roles. Therefore, 
sexual selection alone does not define the magnitude of phenotypic divergence between the sexes, 
but it is rather the interplay between sexual and natural selection and their interactions with the 
environment. Intraspecific studies investigating associations between form and function of sex-
specific traits provide a useful tool to understand the fundamental mechanisms that lead to the 
evolution of complex traits in males and females. The overall aim of this thesis was to gain a better 
understanding of the evolutionary mechanisms that drive patterns in sex-specific phenotypes, using 
a territorial gecko species (Hemidactylus frenatus) distributed over a large latitudinal cline.  
 
The first aim of this thesis was to examine the potential trade-offs between performance functions 
associated with reproductive success and to test whether compensatory mechanisms may obscure 
the detection of such costs (Chapter 2). Fighting capacity and escape performance of male H. 
frenatus are likely to pose conflicting demands on the optimum phenotype for each task. Highly 
territorial and aggressive males may require greater investment in head size/strength but such an 
enhancement may reduce overall escape performance. To test this idea, the second aim (also in 
Chapter 2) was to determine the role of morphological and functional traits in determining the 
outcome of male-male combat (reproductive success) and prey-capture ability (survivorship). 
Among male geckos, I found that larger head size resulted in greater biting capacity, but at a cost of 
reduced spring performance. Females, however, showed no evidence of this trade-off. The sex 
specificity of this trade-off suggests that the sexes differ in their optimal strategies for dealing with 
the conflicting requirements of bite force and sprint speed. Unlike males, female H. frenatus had a 
positive association between hind-limb length and head size, suggesting that they have utilised a 
compensatory mechanism to alleviate the possible locomotor costs of larger head sizes. It appears 
that there is greater selection on traits that improve fighting ability (bite force) for males but it is 
viability traits (sprint speed) that appear to be of greater relative importance for females. 
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The third aim of this thesis was to investigate geographical patterns of sexual variation in 
morphological and performance across a wide latitudinal range of H. frenatus (Chapter 3). This 
chapter tested if (i) patterns of sexual variation across latitudes support Rensch’s rule, (ii) if abiotic 
and biotic environmental factors are correlated with patterns of sexual dimorphism, and, (iii) sexual 
variation in morphology reflect variation in functional performance. We found that body size and 
head shape in H. frenatus demonstrated a systematic relationship between the magnitude of sexual 
dimorphism with the latitude and population density. Males were consistently the larger sex and 
more divergent in head shape, probably due to the association of these traits with better fighting 
capacity. Of all traits tested, head shape and sprint speed were the only traits to demonstrate 
potential support for the allometry in patterns of Rensch’s rule with male head shape and sprint 
speed being more divergent than females. In general, we found that latitudinal patterns of 
intraspecific sex-specific phenotypes in H. frenatus are associated with environmental factors, both 
abiotic and biotic, that co-vary with geographic variation. Such dimorphism and divergence therein 
may be driven by both variations in the plasticity of phenotypes and sexual selection on both males 
and females and is trait dependent. 
 
The fourth and final aim of this thesis was to examine the sex-specific variation in thermal 
sensitivity of performance across several geographical populations of H. frenatus along a latitudinal 
cline (Chapter 4). This was examined by determining if: (i) thermal sensitivity of functional 
performance traits differed between latitudinal populations, (ii) if thermal sensitivity of performance 
traits are sex-specific and, (iii) if the degree of sexual variation in thermal sensitivity diverged 
among populations. H. frenatus that experience the most variable thermal environments displayed 
the broadest thermal performance range, whereas the more stable lower latitudes appear to exhibit 
the greatest degree of divergence in their thermal sensitivity of performance. We also found 
significant differences between the sexes in whole-organism performance with males producing 
greater bite forces and faster sprint speeds than females, independent of body size. We found sex-
specific thermal sensitivities in the tropical population, with female H. frenatus exhibiting a larger 
reduction in sprint performance at higher temperatures compared to males. Also sexes from the 
tropical population demonstrated divergence in their thermal sensitivity of activity at higher 
temperatures, although this was non-significant.  
 
Taken together the results of these studies show that only by examining the underlying functional 
traits and the effects of environmental factors on both form and function that we can really gain a 
better understanding of the evolutionary mechanisms that drive sex-specific phenotypes. 
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CHAPTER 1 
General Introduction 
 
Ever since Darwin’s theory of sexual selection was first published, understanding the evolutionary 
mechanisms that lead to sex-specific traits and quantifying patterns therein has been a large focus of 
evolutionary ecologists. In 1871 Darwin proposed that; ‘sexual selection depends on the success of 
certain individuals over others of the same sex, in relation to the propagation of the species; while 
natural selection depends on the success of both sexes, at all ages in relation to the general 
conditions of life’ (Darwin, 1871). Under sexual selection, phenotypic differences between males 
and females develop because of differences in the reproductive roles of each sex, where selection 
favours traits that improve the acquisition and quality of mates (Darwin, 1871; Andersson, M., 
1994; Arnqvist and Rowe, 2005). The relative strength of sexual selection in males and females is 
determined by the relationship between mating success (number of mates) and reproductive success 
(offspring production) (Bateman, 1948; Sterns and Hoekstra, 2005). Additionally, when one sex 
invests less in reproduction than the other and can reproduce at a faster rate, members of the sex 
investing less generally compete amongst themselves over access to the sex that has the greater 
investment (Trivers, 1972). As males are generally considered to invest less in reproduction than 
females, at both the gamete and offspring stage, it is expected that males will compete over females 
(e.g. male-male competition) and that sexual selection will therefore be stronger on males (Vitt and 
Cooper, 1985; Andersson, M., 1994; Arnqvist and Rowe, 2005; Le Galliard and Ferriere, 2008). 
 
Sexual selection and size dimorphism 
Sexual variation in phenotypes in form and function is ubiquitous in nature and its extent varies 
widely within closely related groups and even species. Sexual dimorphism specifically refers to the 
phenotypic differences between males and females of a species. Dimorphic traits include size, 
shape, colouration and exaggerated secondary sex structures such as ornaments and weapons, with 
different types of sexual dimorphisms representing different evolutionary pathways. For example, 
fecundity selection has been invoked to explain large abdomen size in females (Preziozi et al., 
1996; Olsson et al., 2002; Nespolo and Bacigulupe, 2009), whereas male–male competition has 
been suggested to drive the evolution of exaggerated weapons in males (Darwin, 1871; Andersson, 
M., 1994; Berglund et al., 1996). The most obvious and widely studied sexually dimorphic trait is 
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the phenotypic divergence in overall body size or sexual size dimorphism (SSD) (Fairbairn and 
Preziosi, 1994; Fairbairn, 1997; Stamps et al., 1997; Blanckenhorn, 2005; Starostova et al., 2010). 
Current evidence suggests that SSD reflects the adaptation of the sexes to their different 
reproductive roles and is largely under sexual selection. For example, in species where males are 
larger, selection favours increased body size because of the benefits it confers in male-male 
competition and in species where females are the larger sex, fecundity selection favours increased 
size to increase reproductive output (Darwin, 1871; Andersson, M., 1994; Fairbairn, 1997). SSD 
has also been attributed to intersexual niche divergence, whereby natural selection may favour 
differential exploitation in low resource environments and/or the differential phenotypic plasticity 
hypothesis, where males show greater phenotypic plasticity in body size than females (Andersson, 
M., 1994; Starostova et al., 2010; Cabrera et al., 2013).  Sexual selection has also been recognized 
as a factor that often seems to oppose adaptation via natural selection and can lead to the evolution 
of elaborate and even bizarre secondary sex traits (Price, 1984; Moller and Hedenstrom, 1999; 
Oufiero and Garland, 2007). Possession of secondary sexual characteristics are thought to increase 
mating success either because of their importance in intrasexual competition (male-male combat – 
weapons) and/or because the opposite sex prefers to mate with those individuals that possess the 
character in question (female-mate choice – ornaments) (Green, 1992; Andersson, M., 1994; Sterns 
and Hoekstra, 2005; Oufiero and Garland, 2007).  
 
Understanding patterns and the circumstances under which sexually divergent phenotypes evolve 
requires an understanding of both the proximate and evolutionary mechanisms involved 
(Kaliontzopoulou et al., 2013). One of the best-known patterns in sexual dimorphism is the positive 
allometry of SSD both within and across taxa that was first described by Rensch (1950). Rensch’s 
rule describes an increase in the magnitude of SSD with an increase in overall body size among 
related species, where males seem to be more evolutionarily plastic (Rensch, 1950; Abouheif and 
Fairbairn, 1997; Fairbairn, 1997; Blanckenhorn et al., 2007; Liao, 2013). Rensch’s rule has been 
documented in a wide variety of distantly related taxa across all differences in the strength of sexual 
selection among populations are the most likely mechanisms driving within species pattern of 
allometry (Fairbairn and Preziosi, 1994; Fairbairn, 2005; Blanckenhorn et al., 2006). Fairbairn and 
Preziosi (1994), found patterns consistent with Rensch’s rule in genetically isolated population of 
water striders (Aquaris remigis) but a recent study revealed that the magnitude of SSD was not 
associated with the strength of sexual selection. Instead, it seems the variation in SSD among 
population is more likely reflective of differential phenotypic plasticity of body size in males and 
females (Fairbairn, 2005). In addition, secondary sex traits in a number of species have been 
reported to demonstrate the same positive allometry as SSD, equal to that of Rensch’s rule, in most 
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morphological structures that function as ornaments or as weapons and are most likely driven by the 
sexual selection (Gould, 1974; Green, 1992; Petrie, 1992; Andersson, M., 1994). For example, the 
secondary sex trait of antlers in some deer species, functioning in both female mate choice and as a 
weapon in male-male combat, increases disproportionally with increases in male body size (Gould, 
1974; Andersson, M., 1994). However, it is not clear what drives the geographic patterns of SSD 
and secondary sex traits equal to that of Rensch’s rule and it is likely that it is associated with a 
combination of different proximate and evolutionary mechanisms (Fairbairn, 1997, 2005). 
 
Sexual selection and performance 
While sexual selection studies have primarily focused on sex-specific morphological traits such as 
size and secondary trait dimorphism, less attention has been given to the functional differences 
between the sexes (Lailvaux, 2007; Lees et al., 2012). Morphological variation often translates into 
variation in performance capacity and therefore comparable differences in whole-organism 
performance between males and females (Arnold, 1983; Bennett and Huey, 1990; Cullum, 1998; 
Herrel et al., 2010). From a theoretical perspective, the intensity of selection should be stronger on 
the actual capacities of individuals rather than their underlying morphology (Irschick and Le 
Galliard, 2008). Whole-organism performance traits, such as speed, biting and endurance, reflect 
the interaction of several underlying physiological processes that are important during ecological 
tasks relevant for natural and sexual selection, such as competition for food, predator avoidance, 
territory defence, and mate choice (Huey and Stevenson, 1979; Arnold, 1983; Garland and Losos, 
1994; Irschick and Losos, 1998; Irschick and Garland, 2001; Oufiero and Garland, 2007). 
Understanding sex differences in performance capacities is important as it has the potential to drive 
sex-specific behaviour, ecology and ultimately fitness, and is central to providing a greater insight 
into the precise mechanisms involved in sexual dimorphism evolution within and across taxa (Snell 
et al., 1988; Lailvaux et al., 2003; Lailvaux and Irschick, 2007b; Kaliontzopoulou et al., 2013). 
Several studies have demonstrated sexual selection targets whole-organism performance such as 
locomotor and fighting capacities, that are often used during territorial disputes and other male-male 
agonistic interactions (Husak et al., 2006a; Husak et al., 2006b; Irschick et al., 2007). These studies 
have established that males and females frequently differ in whole-organism performance, as they 
do in sexually dimorphic traits (Cullum, 1998; Lailvaux et al., 2003; Krasnov et al., 2004). While a 
significant proportion of these differences can be explained by SSD, the remaining fraction of 
variation in male and female performance is suggested to result from the physiological differences 
associated with each sex (Abouheif and Fairbairn, 1997; Cullum, 1998; Krasnov et al., 2004; 
Lailvaux, 2007). Cullum (1998) conducted a study on the locomotor performance of several species 
of sexually dimorphic Cnemidophorus lizards and found that males were consistently faster than 
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females. Another perspective on the interaction between morphology and performance is that sex 
differences in body size and shape may be the product of selection on one or several interrelated 
performance traits (Irschick et al., 2008). Morphological characteristics may be modified 
secondarily as a result of selection favouring different whole-organism performance optima in 
males and females (Lailvaux and Irschick, 2007a; Kaliontzopoulou et al., 2012), or in the case of 
exaggerated secondary sex traits may be enhanced to counteract the costs of possession of such 
traits.  
 
The evolution of exaggerated secondary structures is driven by a trade-off between sexual selection 
and the benefits accrued to reproduction and natural selection through the costs incurred because of 
decreased viability (Andersson, S., 1994; Oufiero and Garland, 2007). Viability costs of 
exaggerated traits are expected to occur because of increased development and maintenance costs 
and/or compromised survival from reduced locomotor performance and capacity to escape from 
predators (Moller and Hedenstrom, 1999; Lopez and Martin, 2002; Oufiero and Garland, 2007; 
Husak et al., 2011a; Husak and Swallow, 2011). Mathematical models simulating the effects of 
elongated tail feathers in male barn swallows (Hirundo rustica) indicate they increase flight drag 
and decrease foraging efficiency (Barbosa and Moller, 1999). Empirical studies have also shown 
potential costs for secondary sex traits; for example male swordfish (Xiphophorous montezumae) 
that possess enlarged ornamental tails pay a higher metabolic cost during swimming, resulting in a 
reduction in length of courtship swimming displays compared to males that had their sword tails 
surgically removed (Basolo and Alcaraz, 2003). However, few studies have provided convincing 
empirical evidence that exaggerated secondary sex traits that increase reproductive success actually 
lead to quantifiable decreases in performance (Oufiero and Garland, 2007).  A primary example is 
the exaggerated fin ornaments of male fish that are associated with both poorer swimming 
performance for some species and improved swimming for others (Ryan, 1988; Basolo and Alcaraz, 
2003; Royle et al., 2006; Wilson et al., 2010; Trappett et al., 2013), where, male sword length was 
positively associated with burst swimming performance in Xiphophorus nigrensis (Ryan, 1988), but 
did not affect swimming endurance in X. helleri (Royle et al., 2006).  
 
Limited empirical evidence for the performance costs of exaggerated male traits may be due in part 
to other unmeasured traits that effectively compensate for the negative impacts on function and 
mask their detection (Moller, 1996; Oufiero and Garland, 2007; Husak and Swallow, 2011). 
Because performance is not solely determined by any one trait but rather the complex interactions 
among many, natural selection may cause modifications of other morphological and/or 
physiological traits to counteract the negative effects of sexually selected traits (Lande, 1980; 
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Arnold, 1983; Calsbeek and Irschick, 2007; Irschick and Le Galliard, 2008). The idea that 
compensatory mechanisms decrease the cost of sexually selected traits is not novel and support for 
such compensatory traits derives from several studies examining the relationship between male 
ornaments, locomotor performance and morphological variation in both birds and insects (Moller, 
1996; Husak and Swallow, 2011; McCullough et al., 2012; Painting and Holwell, 2013). These 
correlated traits may physically support the growth of the exaggerated trait, play a role in its use, or 
compensate for any negative impact on another aspect of performance (Tomkins et al., 2005; 
Painting and Holwell, 2013). For example, a comparative study on birds with ornamental elongated 
tails suggests that males compensate for the potential costs of reduced flight performance by 
increasing their wingspans (Balmford et al., 1994). Similarly, males of stalk-eyed fly that possess 
wider eye-spans than females and would be at a disadvantage for flight performance show a 
surprising lack of reduced flight capacity (Swallow et al., 2000; Ribak and Swallow, 2007).  Any 
potential disadvantage is likely masked because of the correlational selection on increased wing size 
in relation to increased investment in eye span (Swallow et al., 2000; Ribak and Swallow, 2007; 
Husak et al., 2011b). Overall the presumed benefit for possessing larger wings, or compensatory 
mechanism, is the ability to maintain flight performance despite the potential negative impacts of 
exaggerated sexual traits such as elongated tails and enlarged eye-stalks (Balmford et al., 1994; 
Husak et al., 2011a). To truly gauge the underlying mechanisms and effects of an assumed costly 
trait and potential compensatory mechanisms in males, comparisons need to be made with its 
effects in females of the same species, with the general perspective that values of the trait in females 
are nearer to the optimum selected by prevailing natural selection (Lande, 1980; Husak et al., 
2011a). However, few studies have actually quantified these costs of performance and associated 
them with compensatory traits using intraspecific comparisons between the sexes. Even more 
limited are studies that investigate if such compensatory mechanisms are comparable in organisms 
that possess exaggerated sexually selected weaponry due to male-male competition, or whether 
such mechanisms only act on traits selected for by females (Lailvaux and Irschick, 2006).  
 
What determines the magnitude of sexual variation in performance? 
Sexual selection alone does not define the magnitude of phenotypic divergence between the sexes, 
but rather the interplay between sexual and natural selection and the interactions with their 
environment (Lande, 1980; Shine, 1989; Andersson, M., 1994; Huyghe et al., 2013). The 
environment can mediate the effects of natural and sexual selection through abiotic and biotic 
factors generating the functional context within which variation in individual fitness is generated. 
Also, the environmental conditions throughout development have an important influence on the 
generation of phenotypes that are subject to selection (Kaplan and Phillips, 2006). Understanding 
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the underlying mechanisms that drive such sex-specific traits requires simultaneous analyses of the 
range of possible interactive parameters that include male-male competition, trade-offs and 
compensatory traits and the role of environmental variation. Here I propose a hypothetical 
networked path model providing an integrated perspective of the potential developmental and 
selection responses to environmental factors and their associated interactions with morphology, 
performance and fitness (Fig. 1.1). This path model is based on Arnold’s (1983), ‘centrality of 
performance paradigm’ that simultaneously highlights the effect of subordinate traits (e.g. 
morphology) on an organism’s performance abilities, of which Garland and Carter (1994), added in 
the sum of such effects on Darwinian fitness (reproductive success and survivorship).  More 
recently a review by Oufiero & Garland (2007), suggests additional effects of sexually selected 
traits and compensatory mechanism on functional traits to fitness. Here the addition of 
environmental factors have been added (Fig. 1.1), as suggested by Garland and Losos, 1994 and 
Kaplan and Phillips (2006), to create a conceptual design on potential mechanisms and associated 
interactions that may lead to the evolution of sex-specific traits and components of which are the 
focus of this thesis.  
 
Aims of the thesis 
Intraspecific studies investigating associations between form and function of sex-specific traits 
provide a useful tool to understand the fundamental mechanisms that lead to the evolution of 
complex traits in males and females. The overall aim of this thesis was to gain a better 
understanding of the evolutionary mechanisms that drive patterns in sex-specific phenotypes, using 
a territorial gecko species (Hemidactylus frenatus) distributed over a large latitudinal cline.  
 
The first specific aim of this thesis was to examine the potential trade-offs between performance 
functions important in male-male combat and locomotor performance and to test whether 
compensatory mechanisms may obscure the detection of such potential locomotor costs (Chapter 2). 
Fighting capacity and escape performance of male H. frenatus are likely to pose conflicting 
demands on the optimum phenotype for each task. Highly territorial and aggressive males may 
require greater investment in head size/strength but such an enhancement may affect overall escape 
performance. To test this idea, the second aim (also in Chapter 2) was to determine the role 
morphological and functional traits have in determining the outcome of male-male combat 
(reproductive success) and prey-capture ability (survivorship). 
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Figure 1.1: Networked path model combining some of the mechanisms and interactions therein that could affect sex-
specific traits such as sexual dimorphism and sexual variation in whole-organism performance. Arrows indicate 
direction of putative causality. Bold solid lines represent casual relationships that are almost certain to occur; non-
bolded solid lines represent a likely causal relationship and dashed lines designate those that are less certain to occur. +, 
Positive effect; –, negative effect. Path model modified from Arnolds ‘Centrality of organismal performance paradigm’ 
(Arnold, 1983; Garland and Carter, 1994; Kaplan and Phillips, 2006; Oufiero and Garland, 2007). This path model is 
not all-inclusive but contains the primary factors that are the focus of this thesis. 
 
Although aspects of intraspecific sexual divergence in morphological traits, specifically size, are 
well studied, geographic patterns of sex-specific functional traits remain unknown. The third aim of 
this thesis was to investigate geographical patterns of sexual variation in morphological and 
performance traits across a wide latitudinal range of H. frenatus (Chapter 3). This chapter tests if 
these patterns of sexual variation across latitudes support the theory of Rensch’s rule, if abiotic and 
biotic environmental factors are correlated with patterns of sexual dimorphism, and examine if 
sexual variation in morphology reflect functional performance variations. 
 
Many sexually dimorphic traits in ectotherms are greatly affected by environmental temperature and 
although a wealth of knowledge exists on the thermal dependence of such traits, the potential for 
sex-specific thermal sensitivities has relatively unexamined. The fourth and final aim of this thesis 
was to examine the sex-specific variation in thermal sensitivity of performance across several 
geographical populations of H. frenatus along a latitudinal cline (Chapter 4). This was examined by 
determining if thermal sensitivity of functional performance traits associated with reproductive 
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success differs between latitudinal populations, if thermal sensitivity of performance traits are sex-
specific and if the degree of sexual variation in thermal sensitivity diverges among populations. 
 
Study species 
The Asian house gecko (Hemidactylus frenatus - Schlegel 1836) is an invasive urban-generalist 
originating from tropical South East Asia. Previously restricted to tropical latitudes, this nocturnal 
gecko is now one of the most widely dispersed lizard species in the world, inhabiting tropical and 
temperate distributions (Wilson and Swan, 2008).  Over the last 30 years H. frenatus have 
undergone a rapid increase in density and distribution in Australia and is now present in most 
urbanised locations along the north and eastern coastline, spanning latitudes of 12 to 32°S (Fig. 1.2) 
(Marcellini, 1971; Frenkel, 2006; Hoskin, 2011). Introduction of H. frenatus to Australia has most 
likely included (an probably continues to include) multiple independent introductions to major ports 
via cargo containers and shipments from South-East Asia (Hoskin, 2011). Hemidactylus frenatus 
have undergone a spot-fire like expansion due to their spread through transport networks rather than 
a single invasion front (Hoskin, 2011). Although no genetic work has been conducted to date it is 
unlikely that the latitudinal gradient would represent a genetic gradient for this species.  
 
The tropical to temperate climatic distributions of H. frenatus present this species with 
fundamentally different temperature regimes (both daily and seasonal), where the thermal variance 
in the tropics is considerably lower than it is in the temperate regions. Activity periods are also 
variable across this species distribution due to differences in day length. Previous studies on H. 
frenatus and closely related species have found that although nocturnal they have a high preferred 
body temperature and therefore perform at sub-optimal levels due to reduced temperatures during 
activity times and little ability to thermoregulate (Huey et al., 1989; Hitchcock and McBrayer, 
2006). However, some gecko species thermoregulate during the day when a more variable thermal 
environment exists (Hitchcock and McBrayer, 2006). 
  
Breeding of H. frenatus is sexual, with mature males being distinguishable by a bulbous post-
cloacal swelling associated with the hemi-penis (Hoskin, 2011). Hemidactylus frenatus reach sexual 
maturity at 36-45mm (Church, 1962) generally occurring within the first year (Hoskin, 2011). Male 
H. frenatus are highly territorial and have a social hierarchy, engaging in intense agonistic 
behaviours that frequently escalate into physical combat, including biting and wrestling to maintain 
territories (Petren et al., 1993; Hoskin, 2011). One male will typically defend his territory against all 
other males restricting the possibility for subordinate males to mate with females. 
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Figure 1.2: Current distribution of the Asian house gecko (Hemidactylus frenatus) in Australia.  
 
Females, however, demonstrate little to no territoriality and female mate choice is unlikely. Female 
H. frenatus are monoautochronic egg layers, with fixed reproductive output, only producing two 
eggs at a time with no potential for increasing their carrying capacity (Jones et al., 1978; Brown et 
al., 2002). Females can produce a clutch every 3-5 weeks depending on temperature and dietary 
intake (Murphy-Walker and Haley, 1996; Krysko et al., 2003) and have the capacity to store sperm 
from multiple copulations, enough to produce six clutches over 1 year (Murphy-Walker and Haley, 
1996; Yamamoto and Ota, 2006). Dominate males can mate multiple times with females during the 
breeding season, ensuring a large oviductal sperm population and a high degree of egg viability 
(Murphy-Walker and Haley, 1996).  The incubation period is 45-90 days, depending on temperature 
(Church, 1962; Krysko et al., 2003). Overall, Hemidactylus frenatus have a very high reproductive 
output.  
 
These sex-specific behaviours in the role of reproduction may account for sexual size dimorphism 
present in this species (Fig. 1.3).  Geographically dispersed populations of H. frenatus are known to 
vary in reproductive related behaviours and levels of activity due to spatial and temporal variation 
in environmental temperatures (Marcellini, 1976; Frenkel, 2006). One prominent difference 
between populations is the variation in seasonal reproductive patterns based on latitudinal 
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distribution (Church, 1962; Cheng and Lin, 1977; Lin and Cheng, 1984; Ota, 1994).  Hemidactylus 
frenatus from tropical regions such as Hawaii and Indonesia can reproduce year round (Church, 
1962; Murphy-Walker and Haley, 1996). However, in cooler more temperate regions, H. frenatus 
reproduction and overall activity is restricted to the spring and summer months (Ota, 1994). 
Therefore female H. frenatus from more tropical environments can reproduce year round, placing 
greater demands due to prolonged reproductive seasons and the potential to produce multiple 
clutches year round.  This may therefore restrict further growth once sexual maturity is reached due 
to the allocation of resources for reproduction, rather than growth (Jones et al., 1978; Brown et al., 
2002). Male territoriality also varies across the latitudinal distribution of this species. Vocalisation, 
dominance and aggressive behaviours have been found to increase with increasing temperature and 
the overall density of a population (Marcellini, 1971, 1974; Frenkel, 2006).  This geographic 
variation in intensity of territoriality is suggested to lead to differing degrees of sexual selection for 
larger body size and head size in males (Cooper and Vitt, 1989; Herrel et al., 1999b; Herrel, 2001; 
Lappin et al., 2006).  
 
 
Figure 1.3: Male and female Hemidactylus frenatus mating; the male is positioned on top biting the neck of the female 
to maintain hold of the female during mating. Males H. frenatus are typically the larger and more robust sex (Photo 
credit: Cindy Lane).  
 
Thus, over the average five-year live span of H. freantus males and females in warmer more 
tropical climates may be under greater sexual selection pressure compared to their conspecific in the 
more temperate distributions. Therefore an intraspecific study on H. frenaturs over their latitudinal 
distribution investigating such associations between form and function of sex-specific traits may 
provide a greater understanding of the fundamental evolutionary mechanisms that lead to the 
evolution of complex traits in males and females and biographic patterns in sex-specific 
phenotypes.  
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Structure of thesis 
This thesis is composed of two general chapters (a general introduction – Chapter 1 and a general 
discussion – Chapter 5), with three experimental chapters (Chapter 2−4) that investigate trade-offs 
between whole-organism performance traits and potential compensatory mechanisms (Chapter 2), 
sexual variation in morphology and performance across geographic dispersed populations 
(Chapter 3) and sex-specific and population variation in the thermal sensitivity of performance 
(Chapter 4). The first data chapter (Chapter 2) is published, and the other two data chapters will be 
submitted to scientific journals. Each data chapter is therefore a complete piece of work 
incorporating an abstract, introduction, materials and methods, results and discussion. The fifth and 
final chapter of this thesis offers a summary of the findings for the three experimental chapters, and 
provides directions and considerations for future research.  
 
Table 1.1: Summary of the individual number of Hemidactylus frenatus used in each of the three data chapters of this 
thesis. 
Chapter Male Female Year caught 
2. Trade-offs and compensatory 
mechanisms 150 50 2009 
3. Latitudinal patterns in sexual 
variation 375 375 2009-2010 
4. Sexual variation in thermal 
sensitivity 180 180 2010-2011 
  
  12 
CHAPTER 2 
Sex-specific trade-offs and compensatory mechanisms: bite force and 
sprint speed pose conflicting demands on the design of geckos 
(Hemidactylus frenatus) 
 
 
Abstract 
One of the more intuitive viability costs that can result from the possession of exaggerated sexually 
selected traits is increased predation pressure as a result of reduced locomotor capacity. Despite 
mixed empirical support for such locomotor costs, recent studies suggest that such costs may be 
masked by compensatory traits that effectively offset any detrimental effects. In this study, we 
provide a comprehensive assessment of the locomotor costs associated with improved male-male 
competitive ability by simultaneously testing for locomotor trade-offs and potential compensatory 
mechanisms in territorial male and non-territorial female geckos. Fighting capacity and escape 
performance of male Asian house geckos (Hemidactylus frenatus) are likely to pose conflicting 
demands on the optimum phenotype for each task. Highly territorial and aggressive males may 
require greater investment in head size/strength but such an enhancement may affect overall escape 
performance.  Among male geckos, we found that greater biting capacity because of larger head 
size was associated with reduced sprint performance; this trade-off was further exacerbated when 
sprinting on an incline. Females, however, showed no evidence of this trade-off on either flat or 
inclined surfaces. The sex specificity of this trade-off suggests that the sexes differ in their optimal 
strategies for dealing with the conflicting requirements of bite force and sprint speed. Unlike males, 
female H. frenatus had a positive association between hind-limb length and head size, suggesting 
that they have utilised a compensatory mechanism to alleviate the possible locomotor costs of larger 
head sizes. It appears that there is greater selection on traits that improve fighting ability (bite force) 
for males but it is viability traits (sprint speed) that appear to be of greater importance for females. 
Our results emphasise that only by examining both functional trade-offs and potential compensatory 
mechanisms is it possible to discover the varied mechanisms affecting the morphological design of 
a species. 
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Introduction 
Sexual selection is considered the dominant mechanism by which exaggerated sexual traits 
exhibited by males of many species are shaped (Andersson, M., 1994; Berglund et al., 1996). The 
evolution of these traits is driven by a trade-off between the benefits accrued to mating success and 
the costs incurred because of decreased viability. Reproductive success can be enhanced by the 
benefits conferred to a male’s competitive advantage over other males and increased attractiveness 
to females (Andersson, S., 1994). The viability costs of exaggerated traits are expected to occur via 
increases in development and maintenance costs and/or compromised survival (Moller and 
Hedenstrom, 1999; Lopez and Martin, 2002; Oufiero and Garland, 2007; Husak et al., 2011a; 
Husak and Swallow, 2011). One of the more intuitive viability costs for bearing enlarged sexually 
selected traits is increased predation risk due to either greater conspicuousness or decreased 
locomotor performance (Lailvaux and Irschick, 2006; Oufiero and Garland, 2007; Husak and 
Swallow, 2011). This is because sexual selection may exaggerate such traits beyond the optimum 
phenotype with respect to biomechanical and/or physiological function, therefore imposing a cost of 
reduced locomotor performance (Oufiero and Garland, 2007). Despite the logic underlying this 
mechanism, surprisingly few studies provide compelling evidence that the morphological traits that 
enhance reproductive success actually lead to quantifiable decreases in locomotor function (Oufiero 
and Garland, 2007). For example, the exaggerated fin ornaments of male fish are associated with 
both poorer swimming performance for some species and improved swimming for others (Ryan, 
1988; Basolo and Alcaraz, 2003; Royle et al., 2006; Wilson et al., 2010; Trappett et al., 2013). 
Furthermore, male sword length was actually positively associated with burst swimming 
performance for Xiphophorus nigrensis (Ryan, 1988), but did not affect swimming endurance for X. 
helleri (Royle et al., 2006).  
 
The lack of convincing empirical evidence for the locomotor costs of exaggerated male traits may 
be due in part to other unmeasured traits that effectively compensate for the negative impacts on 
locomotor function and mask their detection (Moller, 1996; Oufiero and Garland, 2007; Husak and 
Swallow, 2011). Central to this idea is that selection rarely acts on a bivariate relationship between 
a sexually selected trait and performance in isolation (Lande, 1980; Arnold, 1983; Irschick and Le 
Galliard, 2008), but rather on the complex interactions among traits (Vanhooydonck et al., 2001; 
Van Damme et al., 2002; Calsbeek and Irschick, 2007; Calsbeek, 2008). When two or more traits 
affect fitness in an such an interactive way, selection is correlational (Lande and Arnold, 1983; 
Sinervo and Svensson, 2002). Therefore natural selection may cause modifications of other traits to 
counteract the negative effects of sexually selected traits, or ‘compensatory traits’ (Kirkpatrick, 
1987; Moller, 1996; Oufiero and Garland, 2007; Husak and Swallow, 2011). Support for such 
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compensatory traits derives from several studies examining the relationship between male 
ornaments, locomotor function and morphological variation in both birds and insects (Moller, 1996; 
Husak and Swallow, 2011). For example, Husak et al., (2011) found that for those species of stalk-
eyed flies in which the males possessed wider eye-spans than females, the males also possessed 
greater relative wing areas. The presumed benefit for possessing greater wing areas, and thus the 
compensatory mechanism, is the ability to maintain good flight performance despite the potential 
negative impacts of exaggerated eye-stalks (Husak et al., 2011a).  However, it is unclear whether 
such compensatory mechanisms are widespread among other organisms that possess exaggerated 
sexually selected structures, or whether such mechanisms only act on traits selected for by females 
rather than via male-male fighting ability (Lailvaux and Irschick, 2006).  !
Many lizard species engage in male-male combat for access to resources or mates; typically, fights 
are based on gaping-mouth displays, chasing and biting. In these animals, sexual selection on the 
underlying functional trait (bite force) could indirectly cause selection for larger head sizes, 
compromising locomotor function (Anderson and Vitt, 1990; Lopez and Martin, 2002; Huyghe et 
al., 2005; Husak et al., 2006b; Vanhooydonck et al., 2010). This is because increased bite-force, and 
therefore selection for larger head size in dominate males, may cause fluctuating asymmetry 
resulting in non-identical development of a bilateral trait or asymmetric locomotor structures 
(Moller and Swaddle, 1997). This in turn may result in reduced locomotor performance. For 
example, fighting capacity and escape performance are likely to rely upon different suites of 
morphological traits, potentially placing conflicting demands on an individual’s phenotypic design 
which may lead to evolutionary or functional trade-offs (Lewontin, 1978; Garland and Carter, 1994; 
Vanhooydonck and Van Damme, 2001). Territorial and highly aggressive lizard species may 
provide a good model to test functional trade-off, as intrasexual competition may require a greater 
investment in bite-force performance and thus head size, which may in turn affect overall 
manoeuvrability and speed of an individual (Lopez and Martin, 2002). Thus, the conflicting 
demands on an individual’s phenotypic design can result in a compromised phenotype where one 
motor task is afforded higher performance at the expense of another, or may be compensated by 
mechanisms that counteract any reduced performance.   
 
In this study, we examined potential trade-offs between those performance functions important to 
fighting ability (e.g. bite force) and locomotor performance in Asian house geckos (Hemidactylus 
frenatus - Schlegel 1836), and tested whether compensatory mechanisms may obscure the detection 
of such potential locomotor costs. Hemidactylus frenatus is an urban-generalist inhabiting most 
tropical regions worldwide and is rarely seen on the ground, preferring vertical walls and roofs 
(Hoskin, 2011). This gecko is also highly territorial, and males engage in intense agonistic 
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behaviours that frequently escalate into physical combat, including biting (Petren et al., 1993; 
Hoskin, 2011). Larger relative head sizes would likely enhance fighting ability, but may inhibit 
locomotor performance, especially on vertical surfaces, because of increased energy expenditure 
against gravity and associated changes in centre of mass away from the vertical substrate (Huey and 
Hertz, 1982; Vanhooydonck and Van Damme, 1999).  Geckos use short bursts of speed to capture 
prey, escape predators and during territorial male-male conflicts (Hoskin, 2011). Therefore, bite 
force and sprint speed are both ecologically important activities in this species that may act in 
opposition. We predicted that, because of their combative nature, male geckos would have larger 
relative head sizes than females, and this would lead to reductions in locomotor performance. In 
addition, we expected this trade-off to be further exacerbated when individuals sprint on inclined 
surfaces because of the greater difficulties of running with a large head up inclines as a result of an 
overall increase in body mass (Huey and Hertz, 1982). Alternatively, if we detected no trade-offs 
between head size and locomotor performance, then we expected to observe compensatory 
modifications in relative limb lengths that offset any decrements in locomotor function caused by 
larger heads.   
 
Materials and methods 
Adult male (N=150) and female (N=100) Hemidactylus frenatus were captured from Brisbane, 
Australia; all geckos had a snout-vent length (SVL) > 42 mm and mass >2 g. Three test groups were 
captured over a one-year period and maintained in the laboratory for no longer than three months. 
The total number of geckos and specific test groups used in each experiment and final analysis are 
provided within the relevant sections below (also see Table 2.1). In the laboratory, geckos were 
individually housed in well-ventilated plastic terrariums (26 x 17 x 13 cm) with a newspaper 
substrate and a 10 x 5 cm piece of perforated black plastic piping for a retreat. Terrariums were kept 
in a temperature-controlled room at 24±1.0oC under a light cycle of 12L:12D. Heat cord (9 m/90 
W) was supplied beneath each terrarium directly below the retreat and was switched on between the 
hours of 08:00 and 16:00, which allowed individuals the opportunity to thermoregulate.  All geckos 
were fed a diet of calcium-dusted wood cockroaches and crickets every three days, and water was 
misted daily. Individuals that had suffered a loss of more than 10 % in body mass, autotomised their 
tail or suffered other significant health problems during the test period were removed from 
statistical analyses. 
 
All experiments were approved under the University of Queensland’s Animal Ethics Committee 
(AEC approval number SBS/319/09). 
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Relationship between bite force and sprint speed in males and females 
We recorded the morphometrics, maximum sprint speed and bite force of 46 male and 49 female H. 
frenatus (Test Group 1). The body mass of each gecko was measured, using an electronic balance 
(± 0.01 g; Sartorius Excellence, GMBH, Göttingen, Germany), at both the start and end of the 
testing period, with the average of these two measurements used as their measure of body mass. 
Table 2.1: Summary of all details for each of the three test groups used in the study: total number of males (N) and 
females (N), what measurements were obtained for each test group and how these related to the associated aims within 
this study provided. For final numbers of geckos used in analyses refer to specific aim sections within the materials and 
methods.  
Test Group Male N Female N Morphology Bite force Sprint speed Aim 
1 50 50 Yes Yes Yes 
Relationship between bite 
force and sprint speed in males 
and females 
   Yes Yes Yes Determinants of dominance 
2 50 50 Yes Yes Yes Influence of incline angle on sprint speed 
3 50 Nil Yes Yes Yes Determinants of prey-capture performance 
 
Digital photographs (Casio, EX-FH25, China) of the ventral surface of individual geckos were 
taken to measure seven different body dimensions (Fig. 2.1): jaw width (at the maximum lateral 
extent of the temporal jaw-adductor musculature), jaw length (from coronoid-articular jaw joint to 
tip of snout), body length (from coronoid-articular jaw joint to cloaca) average fore-limb length 
(humerus and radius), average hind-limb length (femur and fibula) , tail width (pre caudal autonomy 
vertebrae)  and tail length (cloaca to tip of tail). All digital photographs of individuals were taken at 
the end of the test period. As all experiments were less than two months in duration and body mass 
did not vary by more than 10% for each individual across this period, growth was minimal during 
the experiments. Images were calibrated and analysed using morphometric software (SigmaScan 
5.0, Systat Software, San Jose, CA, USA).  
 
Principal components analyses (PCAs) were used to combine seven morphological variables (SVL 
was excluded) into an overall measure of body size (PCBody), and jaw width and jaw length were 
used as measures of head size (PCHead). All PCA measures were calculated with the sexes 
combined. Overall body size of Hemidactylus frenatus is represented by PCBody (first principal 
component), which accounted for 57% of the variation in the data (Table 2.2). All loadings were 
positive, indicating that all seven morphological variables increased together. This species exhibits 
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caudal autotomy; therefore, tail length is not as influential as all other morphological variables in 
PCBody (see Table 2.2). All geckos that autotomized their tails during testing were excluded from 
analyses. We also calculated a measure of condition for each individual by calculating residuals of a 
linear regression of log-transformed body mass by log-transformed SVL. 
 
 
Figure 2.1: Photograph of the ventral surface of a male gecko Asian house gecko (Hemidactylus frenatus). 
Morphological variables measured: jaw width (at the maximum lateral extent of the temporal jaw-adductor 
musculature), jaw length (from coronoid-articular jaw joint to tip of snout), body length (from coronoid-articular jaw 
joint to cloaca) average fore-limb length (humerus and radius), average hind-limb length (femur and fibula), tail width 
(pre caudal autonomy vertebrae) and tail length (cloaca opening to tip of tail).  Snout-vent length (SVL – sum of jaw 
length and body length) is also shown on figure as it was used in various analyses. All variables were combined for 
each individual via principal component analyses to gain an overall measure of body size (PCBody; seven variables – 
excluding SVL) and head size (PCHead; jaw width and jaw length). 
 
Maximum bite force was measured using a custom-built sensor consisting of two metal plates 
(8 x 25 x 1 mm) separated by a larger third steel metal pivot plate (3 mm thick) with all three plates 
permanently secured to form one unit. The smaller two plates protruded 12 mm beyond the pivot 
plate. The top metal plate had a strain gauge (RS Electronics, Sydney, Australia) attached via epoxy 
resin. The output from the strain gauge was connected to a custom-made Wheatstone bridge linked 
to a bridge amplifier (AD Instruments, Sydney, Australia)(Wilson et al., 2007). The two protruding 
plates were covered in three layers of flesh-like tape (Elastoplast, Beiersdorf, North Ryde, NSW, 
Australia) to offer a defined biting point and surface. Output from the bridge amplifier was 
monitored via a data recording system (PowerLab, AD Instruments). A series of weights ranging 
from 100 to 1000 g were suspended from the bite point to calibrate the output. Calibrations 
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reflected the force applied during bites to the biting point. The strain gauge was calibrated daily 
prior to use so that the voltage output from the bridge amplifier could be converted to force (N).  
 
Table 2.2: Summary of the principal component analysis (PCA) for body dimensions of Hemidactylus frenatus (PCA 
includes both sexes from Test Group 1). Values represent the PC Axis loadings and the relative contributions of each of 
the seven morphological variables (see Fig. 2.1) towards each of the components. Missing values indicate loadings less 
than 0.1. PCBody explains 57% of the variation and corresponds to overall body size with all variables loading positively.  
Morphological variables PCBody PC 2 PC 3 PC 4 
Jaw width 0.455 0.234   
Jaw length 0.429 0.133   
Body length 0.453 0.175  -0.317 
Tail width 0.395 0.254 0.368 0.521 
Tail length 0.108 -0.645 0.722 -0.200 
Fore-limb average 0.280 -0.582 -0.422 0.588 
Hind-limb average 0.397 -0.279 -0.307 -0.489 
Percentage of variance 57% 16% 13% 4% 
 
 
Geckos were briefly induced to bite forcefully on the ‘bite point’ of the sensor by placing the bite 
plates between the gecko’s open jaws. If a maximum bite was not attained or biting did not occur on 
the “bite point”, geckos were rested and a second attempt was made after 10 minutes. A minimum 
of five maximum bites per individual were recorded in two separate test periods, with two weeks 
between each test period (repeatability of maximum bite forces was calculated using the single best 
performance for each individual from each test period repeatability between two test periods; 
Pearson’s product-moment correlation (r=0.81, d.f.= 200, P<0.001). The maximum of the 10 bites 
was used as the measure of an individual’s bite force (N). Prior to measuring maximum bite force, 
all geckos were equilibrated to 24±1oC in a temperature-controlled room for a minimum of 90 min. 
 
Maximal sprint speed was measured using a custom-built Perspex runway (100 x 7 x 10 cm) fitted 
with four infrared LED light gates. Light gates were positioned towards the middle of the runway at 
10 cm intervals. Output from the LED light gates was monitored via a four-channel data recording 
system (PowerLab, AD Instruments, Sydney, Australia). Sprints were elicited by placing 
individuals in the start position of the runway and chasing them to the opposite end using a foam 
brush the width of the runway. Geckos were made to run along the runway four times during each 
test period. Sprint speed was then calculated for each of the three 10 cm distances between 
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consecutive light gates for all four runs during each testing period (i.e. 12 measures of sprint speed 
per testing period) (Hertz et al., 1982; Angilletta et al., 2002a; Adolph and Pickering, 2008). All 
geckos were then re-tested in the same manner after a two week rest period (repeatability of 
maximum sprint speeds was calculated using the single best performance for each individual from 
the two test periods; Pearson’s product-moment correlation (r=0.13, d.f. =300, P=0.023). From the 
24 time splits recorded per individual, the fastest was then used as their measure of maximum sprint 
speed (cm sec-1). Prior to measuring maximum sprint speed, all geckos were equilibrated to 24±1oC 
in a controlled temperature room for a minimum of 90 min. 
 
All maximum performance measures of bite-force and sprint speed were measured between 08:00 
and 18:00 for all individuals.  
 
Influence of incline angle on sprint speed 
We examined the influence of incline angle on the sprint speed of 44 male and 47 female 
H. frenatus (Test Group 2). We quantified sprint performance of each individual at 0o and 60o by 
adjusting the incline angle of the custom-built runway. Individual bite force and morphology was 
also quantified. These two angles were chosen, excluding a 90o angle, as geckos would not sprint 
consistently on a vertical incline on the Perspex substrate. A 60o incline was the maximum angle on 
which sprint speed remained significantly repeatable. Sprint speed was measured using methods 
identical to those outlined above and the order for testing performance at each incline angle was 
randomised for each individual. The proportional decrease in sprint speed was calculated by sprint 
speed at 60o divided by sprint speed at 0o (60o/0o). The morphology of each individual gecko and 
bite force were also quantified (as above) to determine the influence of overall head size and biting 
capacity on the relative decrease in sprint speed with an increase in incline.  
 
Determinants of dominance  
We recorded the morphometrics, bite performance, sprint speed and dominance of individual male 
geckos (from Test Group 1), in staged dyadic bouts [25 focal males and 25 male opponents].  
Opponents were divided into three size classes (small, medium and large) by body mass. Each focal 
male was competed against a randomly selected opponent male, one from each of the size classes in 
random order. Size classes were used as we were interested in all factors, and interactions, that 
affect the outcome of male fights and it is also well documented that body size can affect 
dominance (Garland et al., 1990; Robson and Miles, 2000; Perry et al., 2004). All males (focal and 
opponent) were competed a total of three times, with individuals never encountering the same male 
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twice. All 75 bouts were conducted within a darkened, temperature-controlled room set at 24±1oC 
during the peak activity of H. frenatus (18:00 and 22:00). Geckos were equilibrated to 24oC for 90 
min whilst maintained in their individual terrariums before each bout and received a 48 hr rest 
period between bouts. 
 
To start each bout, focal and opponent geckos were simultaneously introduced to opposite sides of a 
60 cm x 30 cm x 30 cm sealed glass terrarium. A limited resource (heat point in the tank) was 
provided to facilitate interactions between males. Each focal gecko was marked with three small 
dots of neutral white non-toxic acrylic paint for identification - on the dorsal side of the head and 
torso and the tip of the tail (Lailvaux et al., 2004; Jenssen et al., 2005). To allow all observations to 
be conducted in darkness, thus excluding observer effects and representing nocturnal activity, each 
bout was filmed using a Sony handheld camera (Sony DCR-HC52E, Tokyo, Japan) on night-shot 
setting using infrared lights. Each bout was recorded for 30 minutes from the time of initial 
introduction to the arena. This period allowed sufficient time for one of the individuals to attain 
dominance, as geckos generally interacted immediately.  
 
We scored each male’s dominance status using a range of observed behaviours, with the scoring 
system modified from studies of dominance in other lizard species (Garland et al., 1990; Robson 
and Miles, 2000; Lailvaux et al., 2004; Perry et al., 2004; Huyghe et al., 2005; Lailvaux and 
Irschick, 2007a). As the dominance behaviour of H. frenatus has not previously been studied, we 
used pilot studies to rate each interactive behaviour, with more frequent and less aggressive or 
submissive behaviours receiving lower scores in comparison to less frequent, more costly and 
territorial behaviours.  Both focal and opponent males were scored on a scale that reflected their 
aggressiveness (i.e. bite, 3 points; nudge, 2 points; body arch, 2 points; chase, 2 points; tail wag, 1 
point and access to limited resource, 0.5 points). Submissive behaviours received negative points 
depending on the level of sub-ordinance (i.e.: retreat/avoidance, -3 points and chased away, -2 
points). Extra points were awarded or deducted for winning or losing a direct physical fight (1 and -
1 points, respectively), with no result yielding zero points. Dominance rankings were based on an 
individual focal male’s overall score across all three bouts (focal male score minus that of their 
opponents). Male geckos that lost more than 10% of body mass and/or automised their tale, at any 
point during the test period, were excluded from analyses (Focal N=2, Opponent N=2).   
  
Determinants of prey-capture performance 
We recorded the morphometrics, bite performance, sprint speed and prey capture performance of 50 
individual male geckos (Test Group 3). To quantify prey capture ability we assessed each 
  21 
individual’s capacity (total time taken in seconds; where 0 seconds is the fastest prey capturing 
ability and 600 seconds is the slowest) to capture live crickets (Acheta domesticus) during staged 
feeding trials (modified from Verwaijen et al., 2002) All feeding trials were conducted within a 
temperature-controlled room set at 24±1oC during the peak activity of H. frenatus (18:00 and 
22:00), within the geckos’ permanent terrarium so as to reduce stress. Each gecko was fasted for 
three days prior to testing and all substrate, excess food and waste was removed from the terrarium. 
To exclude observer effects, each trial was filmed using a Sony handheld camera and recorded for 
10 min from the time of the initial introduction of the prey (130±20 mg). If a gecko had not 
captured the prey within this time they received the total time of 10 min (600 sec), the cricket was 
removed and the trial was ended. One prey item was introduced into each terrarium each day for 
five consecutive days. Maximum prey capture was the fastest time (0 sec – 600 sec) of the five 
trials for individual geckos. If the gecko did not capture any prey during these five trials they were 
removed from the analysis (N=5) with the assumption that they were unmotivated or too stressed. 
Time to capture prey was repeatable with no significant difference between each trial (one-way 
ANOVA with Tukeys HSD post hoc comparison: F4,245=0.80, P=0.53). 
 
Statistical analysis 
Statistical analyses were performed using R (version 2.11.1, R Foundation for Statistical 
Computing, Vienna, Austria) unless otherwise specified. Significance was taken at the level of 
P<0.05. Both Pearson’s product-moment correlations and multiple linear regressions with model 
simplification were used to establish whether morphology and/or sex affected performance.  We 
calculated size-corrected (relative) measures of morphological traits (head size, fore- and hind-limb 
lengths, tail width and tail length) by generating residual values of the particular trait regressed on 
SVL.  
 
A linear regression was used to investigate whether there was a functional trade-off between bite 
force and sprint speed. We examined the relationship between relative head size and bite force with 
the proportional decrease in sprint speed up an incline using Pearson’s product-moment correlation 
for each sex separately. To assess whether compensation was masking any potential trade-offs, we 
investigated the relationships between relative head size and other morphological variables that 
could affect sprint speed. Males and females were analysed separately using a Pearson’s product-
moment correlation.  Furthermore, to investigate whether hind-limb length is a potential 
compensatory mechanism, we used residuals of relative head size on relative hind-limb length. This 
measure of hind-limb length corrected for head size was then used to identify whether 
compensation resulted in increased locomotor performance (sprint speed), off-setting costs of 
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increased head size via a Pearson’s product-moment correlation, again with sexes analysed 
separately. 
 
Path analyses were used to describe the relationship between morphological and performance traits 
with both dominance and prey capture abilities (AMOS 5.0, SPSS Inc., Chicago, IL, USA). The 
model design is modified from Oufiero and Garland (2007), to assess body mass (as these would 
co-vary with sexually selected traits and may influence performance capacity), sexually selected 
traits, compensatory traits, performance and the effects on fitness (see Fig 1. in Oufiero and 
Garland, 2007). The morphological measures of body mass (g), condition (as described above), 
head size (PCHead) and hind limb length (mm) were used in combination with the two performance 
traits of bite force (N) and sprint speed (cm sec-1). Ten models describing the relationship between 
these variables with either dominance or prey capture were tested. The most complex model 
included all interactions (Model A), while simplified versions contained varying combinations of 
the variables (Models B – J; see Appendix Fig. A2.1). All ten models for dominance and prey 
capture were ranked by calculating the second-order Akaike’s information criterion (AICC): 
 
AICC = χ2 + 2K + (2K(K+1))/(N-K-1) 
 
where χ2 is the Chi-square goodness of fit, K is the number of estimated parameters and N is the 
sample size (Angilletta et al., 2006). AICC values were used to assess which model explained the 
most variation in dominance and prey capture in relation to model complexity by Akaike weights 
(wi).  
 
 
Results 
Relationship between bite force and sprint speed in males and females 
Male H. frenatus were on average 20% larger than females (mean male mass=3.61±0.10 g; 
PCBody=1.08±0.29 and mean female mass=3.01±0.07 g; PCBody=-1.00±0.18). Head size (PCHead) 
scaled positively with overall body size (PCBody) for both sexes (r=0.94, d.f.= 96, P<0.001), with 
males possessing larger overall head sizes than females (mean male PCHead=0.61±0.2, mean female 
mean PCHead=-0.70±0.13).  
 
Bite force was significantly positively associated with body size (R2=0.353, F1,96.=52.45, P<0.001; 
Fig. 2.2A) and head size (R2=0.306, F1,96=42.44, P<0.001). In both cases there was no significant 
effect of sex on bite force (body size: t=0.467, P=0.642 and head size: t=0.797, P=0.428), nor were 
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there any significant interactions between sex, bite force and size (body size: t=0.015, P=0.988 and 
head size: t=-0.107, P=0.915). Overall, males had stronger bite force than females; however, there 
was no difference once corrected for body size (PCBody) (R2=0.006, F1,96=0.61, P=0.437).  Sprint 
speed was significantly associated with body mass (t=2.53, P=0.013) and sex (t=3.99, P<0.001), 
though in opposite directions for males and females. Male sprint speed decreased with increasing 
body mass, whereas female sprint speed increased with increasing in body mass (R2=0.14, 
F3,94=6.03, P<0.00; Fig. 2.2B). A similar trend for the effects of body size (PCBody) and sex on 
sprint speed were observed; however, it was not statistically significant (body size: t=1.72, 
P=0.097, sex: t=1.00, P=0.319, body size*sex: t=-1.74, P=0.085). 
 
The relationship between bite force and sprint speed was significantly affected by sex (R2=0.106, 
F3,94=3.72, p=0.014), with males displaying a negative relationship between these two traits. Bite 
force was negatively correlated with sprint speed for male H. frenatus (r=-0.315, d.f.=46, P =0.029; 
Fig. 2.3A); however, females showed no significant relationship between bite force and sprint speed 
(r=0.194, d.f.=48, P=0.178; Fig. 2.3B). 
 
 
Figure 2.2: The relationship between body mass (g) and A: bite force (N) and B: sprint speed (cm sec-1) in 
Hemidactylus frenatus. Males (N=47) are represented by full circles and females (N=49) by empty circles. There was a 
significant positive effect of mass on bite force but not of sex or any interaction between the two predictors (R2=0.353, 
F1,96.=52.45, P<0.001). Sex, mass and an interaction of predictors had a significant effect on sprint speed (R2=0.14, 
F3,94=6.03, P<0.001). 
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Determinants of dominance and prey capture performance  
Among the ten path models, Model I best described the relationships among morphology, 
performance and dominance (χ2=26.5, d.f.=7, K=20, AICC=50.7, wi=0.35; Fig. 2.4A; Appendix 
Table A2.1). Within this model, dominance was significantly positively associated with bite force 
(P=0.004), while sprint speed had a negative relationship (P=0.136). Hind-limb length had no 
significant effect on either bite force (P=0.887) or sprint speed (P=0.983), and was not related to 
body mass (P=0.408). However, head size was significantly positively associated with both body 
mass (P<0.001) and bite force (p=0.001). Overall, male body mass and head size affected 
dominance via their influence on bite force but not sprint speed.  A similar trend was seen in the 
second most likely model, Model G (χ2=17.9, d.f.=6, K=21, AICC=51.2, wi=0.256), with the 
addition of a significantly positive covariance between head size and hind-limb length (P=0.016).  
 
Figure 2.3: The relationship between bite force (N) and sprint speed (cm sec-1) for A: male and B: female Hemidactylus 
frenatus. There was a significant negative correlation (trade-off) between bite force and sprint speed for males (r=-
0.315, d.f.=46, P=0.029) but not for females (r=0.194, d.f.=48, P=0.178). 
 
The relationships among morphology, performance and prey capture ability were more than 60% 
likely to be best described by Model G (χ2=5.2, d.f.=6, K=21, AICC=38.6, wi=0.60; Fig. 2.4B; 
Appendix Table A2.2). Based on this model, bite force (P=0.002), but not sprint speed (P=0.603), 
was negatively correlated with an individual’s prey-capture time.  Thus geckos with stronger bites 
captured prey faster than those with weaker bites. For prey capture performance, body mass was 
significantly positively correlated with head size (P=0.002) as well as hind-limb length (P=0.069); 
head size and hind limb length were also positively correlated (P=0.004). In this model, individuals 
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with larger heads also had stronger bites and faster sprint speeds (P=0.106), but hind limb length 
was not related to either of the performance traits (bite force; P=0.501 and sprint speed; P=0.420). 
 
 
Figure 2.4: The best predictive models described by path analyses and selected by AICc which describe the 
relationships among morphological traits [body mass (g), head size and hind-limb length (mm)], performance traits [bite 
force (N) and sprint speed (cm sec-1] and A: dominance (Model I; see Appendix Fig. A2.1-I) which explains 33% of 
variation in dominance (value in bold) and B: prey capture (Model G; see Appendix Fig. A2.1-G) explaining 22% of 
variation in time to capture prey for male Hemidactylus frenatus. Standardized coefficients are provided for each path 
(*P<0.05; **P<0.01; ***P<0.001).  
 
Influence of incline angle on sprint speed 
A geckos sprint speed at 60o incline as a proportion of their speed at the horizontal was not affected 
by body size (PCBody)(t=-1.806, P=0.074), but sex did affect this proportion  (t=2.26, P=0.026).  
Larger males had slower sprint speeds at a 60o incline as a proportion of their speed at the horizontal 
(R2=0.054, F2,92=2.64, P=0.076). Bite force (t=-2.01, P=0.047) and sex (t=2.40, P=0.018) 
independently affected the proportional decrease in sprint speed, with increases in the bite force of 
males associated with lower sprint speeds at a 60o incline relative to their speed at the horizontal 
(R2=0.062, F2,92=3.04, P=0.050). As male head size (PCHead) increased, we also observed a decrease 
in sprint speed between the two inclines (r=-0.329, d.f.=44, P=0.026; Fig. 2.5A); however, this 
relationship was absent in females (r=0.006, d.f.=47, P=0.969; Fig. 2.5B).  
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Figure 2.5: The relationship between head size (PCHead) and sprint speed of males at a 60o incline as a proportion of 
sprint speed at no incline (0o) for A: male and B: female Hemidactylus frenatus. There was a significant negative 
correlation (trade-off) for males (r=-0.329, d.f.=44, P=0.026) but no significant correlation for females (r=0.006, 
d.f.=47, P=0.969). 
 
Compensatory traits 
We found no significant relationship between relative head size and any of the relative 
morphological variables for male H. frenatus (relative fore- limb length: r=-0.127, d.f.=44, 
P=0.401; relative hind-limb length (Fig. 2.6A): r=0.091 d.f.=44, P=0.548; relative tail width: 
r=0.070, d.f.=44, P=0.643 and relative tail length: r=-0.045, d.f.=44, P=0.758). In females, 
however, relative head size was significantly positively correlated with both relative hind limb 
length (r=3.07, d.f.=47,P=0.032; Fig. 2.6B) and relative tail width (r=0.420, d.f.=47, P=0.003); that 
is, females that had proportionally longer hind limbs and wider tails also had relatively larger heads. 
In contrast, relative fore-limb length (r=0.267, d.f.=47, P=0.063) and relative tail length (r=0.111, 
d.f.=47, P=0.449) were not significantly associated with relative head size for females. For both 
sexes, sprint speeds were not affected by relative hind-limb length, corrected for relative head size, 
at either 0o incline (males: r=0.185, d.f.=44, P=0.218  and females: r=-0.190, d.f.=47, P=0.191) or 
60o inclines (males: r=-0.075, d.f.=44, P=0.621  and females: r=-0.071, d.f.=47, P=0.623).  
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Figure 2.6: Relationship between relative head size (residual PCHead by SVL) and relative hind limb length (residual 
hind limb by SVL) for A: male and B: female Hemidactylus frenatus. There was a significant positive correlation for 
females (r=3.07, d.f.=47, P=0.032) but not for males (r=0.091 d.f.=44, P=0.548). 
 
 
Discussion 
Selection rarely acts on a single trait in isolation, but rather on a combination of traits (Calsbeek and 
Irschick, 2007).  In our study, we investigated how differing selection pressures on performance 
traits may result in a compromised phenotype (trade-off); specifically, we evaluated trade-offs 
between traits linked to dominance (bite force) and prey capture or predator avoidance (sprint 
speed). We also investigated whether any compensatory mechanisms offset some of the associated 
reductions in performance. We found support for our prediction that a trade-off exists between 
those traits associated with bite force and those associated with locomotor performance in the Asian 
house gecko (H.  frenatus). Males that had a greater biting capacity because of larger head sizes 
suffered reduced sprint performances, and this trade-off was further exacerbated when sprinting on 
an incline. Females, however, showed no evidence of this trade-off on either flat or inclined 
surfaces.  The sex specificity of this trade-off suggests that males and females may differ in their 
optimal strategies for dealing with the conflicting requirements of bite force and sprint speed. 
Females with larger heads also had longer hind limbs, indicating the possible presence of a 
compensatory mechanism to reduce the locomotor costs associate with head size.!!
The magnitude of sexual dimorphism varies greatly among species and may reflect the divergent 
selective pressures operating on each sex, and among different species (Herrel et al., 2012). We 
expected that the high level of territoriality and combat exhibited by male H. frenatus would result 
in larger relative head sizes for males. However, we did not find this to be the case. Males were 
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larger than females in overall body size but not relative head size. Larger body sizes in the males of 
other lizard species are associated with increased bite performances and success in territorial 
combats (e.g. Anderson and Vitt, 1990; Herrel et al., 1996; Herrel et al., 1999b; Verwaijen et al., 
2002; Lailvaux et al., 2004; Huyghe et al., 2005). Our path analyses of dominance hierarchies 
support this idea, and demonstrate that an increase in body size leads to greater male-male combat 
success; bite force was the most important performance trait, of the traits measured, underlying 
male success in territorial combats. Recent studies have found similar correlations between bite 
force and dominance in other lizard species (Lailvaux et al., 2004; Huyghe et al., 2005). For 
example, Huyghe et al. 2005 found that in Gallotia galloti, bite force was the most important 
predictor of the outcome for male-male combat.  These findings suggest that there may be direct 
sexual selection for increased bite force in both male H. frenatus and G. galloti males, which 
provides an advantage during male-male combat and possibly mating with females, indirectly 
driving the increase in head size or, in this case for H. frenatus, overall body size (Lappin et al., 
2006; Husak and Swallow, 2011).! 
 
The functional trade-off we observed between bite force and sprint speed performance in male H. 
frenatus suggests the presence of conflicting demands on male fighting ability and locomotor 
performance (Lopez and Martin, 2002); the locomotor performance of dominant, larger-headed 
males was even poorer on inclines. We believe these results demonstrate how habitat selection can 
mediate the expression of functional trade-offs: the narrow crevices and compact retreat sites 
utilised by H. frenatus for anti-predatory behaviour may explain why males do not exhibit increased 
relative head sizes compared with females (Lappin et al., 2006; Hoskin, 2011). Other lizard species 
inhabiting vertical surfaces also tend to have a reduced head to body ratio, which allows the centre 
of mass to be kept closer to the substrate, reducing the tendency to topple backwards 
(Vanhooydonck and Van Damme, 1999; Verwaijen et al., 2002). Therefore, to retain the ability for 
a greater biting capacity, whilst remaining within the constraints of the chosen habitat, males may 
increase overall body sizes but not relative head sizes. However, the absence of sexual dimorphism 
in relative head size in H. frenatus however, may also be due to the importance of biting capacity 
for both males and females (Herrel et al., 1998; Verwaijen et al., 2002; Vincent and Herrel, 2007).  
Although not investigated in this study, increased bite force and therefore head size in female H. 
frenatus may also be under natural selection to increase prey-capturing ability, resulting in a bigger 
head, as is the case for male H. frenatus. Even though prey capture is likely to be more complex 
than our model assumes, previous studies also suggest that both bite force and head morphology are 
highly relevant for feeding capacity and ability to capture food and are therefore under natural 
selection (Herrel et al., 1998; Verwaijen et al., 2002; Verwaijen and Van Damme, 2007; Vincent 
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and Herrel, 2007; Kaliontzopoulou et al., 2012).  Therefore, future studies may benefit from 
investigating the potential trade-off between bite force and bite speed, and the underlying muscle 
configuration associated with both greater performance for force or speed and how this varies 
between the sexes, including measurements of head height.  
 
In contrast with our study, several previous studies have found greater locomotor performance to be 
positively associated with social dominance (Garland et al., 1990; Hews, 1990; Robson and Miles, 
2000; Lailvaux et al., 2004; Perry et al., 2004; Husak et al., 2006a; Peterson and Husak, 2006; Hall 
et al., 2010). However, a study by Huyghe et al., (2005), found no correlation between locomotor 
performance and dominance, but rather between increased bite force capacity and dominance 
(Huyghe et al., 2005).  The direct functional importance of locomotor performance to dominance is 
difficult to determine; it may not be directly related to individual combat success, but rather may be 
a more general indicator of overall male quality (e.g.  (Lailvaux et al., 2004; Hall et al., 2010). 
Lopez and Martin (2002), found a trade-off between head size and locomotor performance for the 
lizard Lacerta monticola; unlike male H. frenatus, however, it appears that this trade-off was 
attributable to reduced energy allocation during breeding season and not a biomechanical constraint 
(Lopez and Martin, 2002). However, bite force of L. monticola in this study was not assessed.  
These contrasting results may be a result of differing social and sexual behaviours and fighting 
strategy, with selection for different performance variables. However, intraspecific variation in 
characteristics such as foraging ability, predation intensity and habitat selection and the role they 
play on how sexually selected traits may evolve could also be of great importance (Petren and Case, 
1998; Huyghe et al., 2005).  
 
We found that female H. frenatus with relatively larger heads also had relatively longer hind limb 
and is suggestive of a compensatory mechanism resulting from correlational selection of the two 
traits (Lande and Arnold, 1983). This morphological correlation was the likely mechanism for the 
absence of a trade-off between bite force and sprint speed within females. In contrast, male H. 
frenatus showed no such modification in the limb length, and males that had larger heads may have 
suffered reduced locomotor performance as a consequence. However, these assessments are merely 
speculative; though previous studies report limb length as an important determinant of sprint speed 
(Vanhooydonck et al., 2001; Husak, 2006), we did not find a correlation between relative hind limb 
length (corrected for head size) and sprint speed in geckos. This result, however, may be due to the 
low repeatability of, or noise within, measures of sprint speed of individuals. Male H. frenatus, 
however, did not provide evidence for a compensatory increase in limb length to mediate any 
reduction in locomotor performance. This may be due to males having varying energy allocation 
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requirements to achieve and maintain a certain level of dominance, such as increased body size and 
production of testosterone (Sinervo et al., 2000; Husak et al., 2007). However, it seems that there 
are alternate costs for possessing larger heads for male and female H. frenatus. Males pay the direct 
costs on locomotor performance while females pay an energetic cost through investment in longer 
limbs, which is suggestive of correlational selection in female head size and limb length.   
 
Taken together, our results clearly suggest that performance trade-offs may limit the exaggeration 
of sexually selected traits, but such costs have the potential to be mitigated by compensatory 
morphological changes. For H. frenatus, this suggests that there is a greater selection on traits 
associated with dominance (i.e. bite force) for males and survival (i.e. sprint speed) for females. 
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CHAPTER 3 
Latitudinal variation of sex-specific morphological and whole-
organism performance in Hemidactylus frenatus 
 
 
Abstract 
Latitudinal patterns of intraspecific sexual dimorphism are attributed to abiotic and biotic factors 
that co-vary with geographic variation. In this study we investigated the effects of latitude on the 
degree of sex differences in morphological (body size, head size and shape) and functional traits 
(bite force and sprint speed) associated with male-male combat in the Asian house gecko 
(Hemidactylus frenatus). We aimed to (i) describe the patterns of sexual variation in morphology 
and performance across latitude, (ii) test if abiotic and biotic environmental factors are correlated 
with patterns of sexual dimorphism, (iii) examine if sexual variation in morphology is associated 
with variation in functional performance, and (iv) test if these patterns support the theory of 
Rensch’s rule and Bergmann’s rule. We found that body size and head shape in H. frenatus 
demonstrated a systematic relationship between the degree of sexual dimorphism with latitude and 
population density; whereby sexual dimorphism increased with decreasing latitude and increasing 
population density. Males were consistently the larger sex and more divergent in head shape, due to 
the association of these traits with increased male-male combat success. Of all traits, only head 
shape and sprint speed were the only traits to demonstrate potential support for the allometry of 
Rensch’s rule; head shape and sprint speed in males being more divergent than females. Overall we 
found that latitudinal patterns of intraspecific sex-specific phenotypes in H. frenatus are associated 
with environmental factors, both abiotic (thermal regime of latitude) and biotic (population density), 
that co-vary with geographic variation. Such dimorphism and divergence therein may be driven by 
trait dependent variation in the plasticity of phenotypes and sexual selection on both males and 
females. 
 
Introduction 
Predicting widespread geographical patterns in sexual dimorphism and the underlying functional 
mechanisms has been a central aim of functional ecologist for decades. Under sexual selection, 
phenotypic differences between males and females develop as a result of the different roles each sex 
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plays in reproduction, where selection favours traits that improve the reproductive success of each 
sex (Darwin, 1871; Andersson, M., 1994; Fairbairn, 1997; Arnqvist, G. and Rowe, L., 2005). For 
instance, males of territorial species commonly have enhanced traits (both morphological and 
functional) to increase their success in territorial disputes and access to limited resources, thereby 
improving their acquisition of mates (Andersson, M., 1994; Husak et al., 2006a; Huyghe et al., 
2013). Such intrasexual competition is generally greater in males because they typically invest less 
in reproduction than females at both the gamete and offspring stage (Vitt and Cooper, 1985; 
Andersson, M., 1994; Le Galliard and Ferriere, 2008). However, sexual selection alone does not 
account for geographic patterns in phenotypic divergence between the sexes, but it is rather the 
interplay between sexual and natural selection, and their interactions with the environment (Lande, 
1980; Shine, 1989; Huyghe et al., 2013).  
 
One of the best-known patterns of sexual dimorphism is Rensch’s rule. This rule describes the 
allometry in sexual size dimorphism (SSD), whereby an evolutionary increase in body size is 
paralleled by enhanced SSD, in which males are the larger sex, or the inverse when females are the 
larger sex (Rensch, 1950; Abouheif and Fairbairn, 1997; Fairbairn, 1997; Blanckenhorn et al., 2007; 
Liao, 2013). Several theories have been proposed as the underlying evolutionary basis of Rensch’s 
rule (Shine, 1989; Fairbairn, 1997; Blanckenhorn et al., 2006; De Lisle and Rowe, 2013; Liao, 
2013). The best accepted theory is that sexual selection may favour increased relative body size in 
males because of the demands of male-male competition, producing larger males and weak 
disproportionate selection on female body size (Andersson, M., 1994; Fairbairn, 1997). The 
antithesis of this theory would result in an inverse Rensch’s rule and would arise when there is 
greater selection for larger body size in females to produce greater or larger offspring (Abouheif 
and Fairbairn, 1997; Fairbairn, 1997; Blanckenhorn et al., 2007; Nespolo and Bacigulupe, 2009; 
Liao, 2013). Alternatively, the differential-plasticity hypothesis, suggests allometry consistent with 
Rensch’s rule could occur across taxa when males show greater phenotypic plasticity in body size 
than females (Fairbairn, 2005; Cox and Calsbeek, 2010; Starostova et al., 2010). However, there 
still remains limited empirical evidence to support these hypotheses and the generality of this rule 
has been questioned, as it is unlikely that any single mechanism is responsible for the scaling of 
Rensch’s rule across all taxa (Fairbairn, 1997, 2005). For this reason more recent studies have taken 
a microevolutionary approach, primarily with the aim of investigating the putative mechanisms 
causing Rensch’s rule, through intraspecific comparisons of geographically dispersed populations 
(Fairbairn and Preziosi, 1994; Emlen and Allen, 2003; Fairbairn, 2005; Emlen, 2008; Herczeg et al., 
2010; Kelly et al., 2013).  
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Divergence in the degree of sexual dimorphism along a latitudinal range is expected to be driven by 
both abiotic and biotic factors (Lande, 1980; Fairbairn, 1997, 2005; Teder and Tammaru, 2005; 
Stillwell and Fox, 2007, 2009; Huyghe et al., 2013). Body size has been well documented to be 
phenotypically plastic in its response to various environmental factors such as development 
temperature (Atkinson, 1994; Angilletta, 2009; Starostova et al., 2010). Environmental temperature 
decreases with increasing latitude and because organisms typically exhibit larger body sizes in 
cooler environments - known as Bergmann’s rule – organism’s usually also have larger body sizes 
at higher latitudes. Bergmann’s rule is believed to occur because growth efficiency is greater at 
lower temperatures (Angilletta and Dunham, 2003; Blanckenhorn et al., 2007). It is for this reason 
that populations that exhibit larger body sizes in cooler environments, as predicted by Bergmann’s 
rule, should also be expected to display the largest degree of sexual dimorphism, because of 
Rensch’s rule (Blanckenhorn et al., 2006). Blanckenhorn et al., (2006) conducted a meta-analysis to 
test this prediction of allometric scaling in sexual size dimorphism across latitudinal clines. For 
most species (66 of 98), clines in body size across latitude were greater for males than females, 
which is consistent with a latitudinal version of Rensch’s rule (Blanckenhorn et al., 2006). As an 
alternative to Rensch’s rule, temperature variation across latitudinal clines of a species might affect 
the behaviour of ectotherms in a way that may favour greater sexual dimorphism in warmer 
environments. In warmer, more tropical environments populations of ectotherms often exhibit much 
higher densities and are more active, leading to more frequent and intense interactions between 
territorial males. Territorial and competitive ectothermic lizard species in tropical climates also 
have the capacity to breed for longer durations either continuously or recurrently, and may have a 
continuous requirement to compete for available mating partners and to maintain territories 
(Monteiro and Lyons, 2012). The frequency and intensity of aggressive contests between males is 
often density dependent and can vary systematically across geographic ranges (Emlen and Oring, 
1977; Bellows, 1981; Arcese and Smith, 1988; Conner, 1989; Chui and Doucet, 2009), increasing 
intrasexual competition in warmer latitudes. Consequently, territorial ectothermic species may 
exhibit greater divergence in sexually dimorphic traits in high-density populations in warmer 
climates, opposing the prediction of Rensch’s rule mediated by Bergmann’s rule.  
 
To better understand geographic widespread patterns in sexual dimorphism it is important to 
determine how both morphology and whole-organism performance diverges between males and 
females across populations and species. Despite the prevalence of studies investigating geographic 
divergence in morphology between the sexes, we have only recently begun to understand how 
males and females differ in whole-organism performance (Lailvaux, 2007; Lees et al., 2012). In 
species that are dominated by territorial disputes and other male-male agonistic interactions, 
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evidence suggests that the underlying functional mechanisms of sexually dimorphic traits may be 
under equal or even stronger sexual selection (Andersson, M., 1994; Irschick et al., 2008). 
Therefore, morphological traits may be modified secondarily as a result of selection favouring 
different whole-organism performance optima in males compared to females (Lailvaux and 
Irschick, 2007a; Kaliontzopoulou et al., 2013). Whole-organism performance traits, such as speed, 
biting and endurance, reflect the interaction of several underlying physiological processes and may 
be important during ecological tasks that correlate with fitness such as the reproductive success of 
an individual (Huey and Stevenson, 1979; Arnold, 1983; Garland and Carter, 1994; Irschick and 
Garland, 2001; Oufiero and Garland, 2007). Such performance traits are also known to demonstrate 
biogeographic patterns, among latitudinal and altitudinal populations (Garland and Losos, 1994; 
Miles, 1994).  Here, we investigate geographic patterns of sex-specific morphological and whole 
organism performance traits that are associated with reproductive fitness, across several latitudinal 
populations of Asian house geckos (Hemidactylus frenatus - Schlegel 1836) distributed along a 
latitudinal gradient. 
 
Hemidactylus frenatus is one of the world’s most latitudinal dispersed gecko species, inhabiting 
urbanised tropical, sub-tropical and even temperate localities (Wilson and Swan, 2008) (Marcellini, 
1971; Frenkel, 2006; Hoskin, 2011). Geographically dispersed populations of H. frenatus vary in 
levels of activity and reproductive behaviours because of spatial and temporal variation in 
temperature over their distribution (Marcellini, 1976; Frenkel, 2006). Male H. frenatus are 
territorial and demonstrate a social hierarchy, increasing vocalisation, dominance and aggressive 
behaviours with increasing temperature and density of a population (Marcellini, 1971, 1974; 
Frenkel, 2006). Geographic variation in the intensity of territorial behaviours may result in 
subsequent differences in sexual selection acting on larger body size and head size in males (Cooper 
and Vitt, 1989; Herrel et al., 1999b; Herrel, 2001; Lappin et al., 2006). Functional traits such as bite 
force and locomotor capacity correlate with dominance in male H. frenatus (Cameron et al., 2013), 
and increased sexual dimorphism in morphological traits, such as head size, may be secondary to 
underlying functional performance traits that are important for winning and maintaining territories. 
Seasonal reproductive patterns of H. frenatus also vary across geographic distributions (Church, 
1962; Cheng and Lin, 1977; Lin and Cheng, 1984; Ota, 1994). Populations with more tropical 
distributions reproduce year round (Church, 1962; MurphyWalker and Haley, 1996), while the 
activity of sub-tropical and temperate populations is restricted to the spring and summer months 
(Ota, 1994). Female H. frenatus demonstrate little to no territorial behaviour, reaching sexual 
maturity rapidly, with growth often limited due to allocation of resources to reproduction. 
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Therefore, over the latitudinal distribution of H. frenatus males and females are likely to experience 
variation in the mechanisms that contribute to sexual dimorphism.  
 
In this study we quantified sexual dimorphism of three morphological traits (body size, head size 
and head shape) and two functional performance traits (bite force and sprint speed) across seven 
populations of H. frenatus spanning a latitudinal range of eleven degrees. We also assessed biotic 
factors (density and activity) in each population that potentially contribute to increased male-male 
combat in each population and the degree of sexual dimorphism. We aimed to (i) describe the 
patterns of sexual variation in morphology and performance across latitude, (ii) test if abiotic and 
biotic environmental factors are correlated with patterns of sexual dimorphism, (iii) examine if 
sexual variation in morphology reflect functional performance variations, and (iv) test if geographic 
patterns of sex variation in morphology and performance support Rensch’s rule driven by factors 
linked to Bergmann’s rule. We predict a greater divergence between male and female 
morphological and functional traits in the warmer populations, because of associated increases in 
density and activity within these populations. Therefore, we expect to find support for an inverse 
version of Rensch’s rule to systematically occur across the latitudinal populations of H. frenatus 
because of larger body sizes in the cooler environments and a reduced degree of sexual dimorphism 
in the higher latitudes.  
 
 
Materials and methods 
Study species and population sites 
Wild caught Asian house geckos (Hemidactylus frenatus) were captured from several sites, 
representing distinctive populations, along a 1700 km latitudinal span of eastern Australia.  A 
minimum of 50 adult males and 50 adult females (N =389 males, N = 379 females total) were 
captured from each population for measurement of morphology and performance. An assessment of 
both population density and levels of activity were also conducted over 5 consecutive nights for 
each of the study sites. The seven sites were: Cairns, Townsville, Mackay, Rockhampton, 
Bundaberg, Maroochydore and Brisbane (Latitude (°S): 16.93, 19.26, 21.15, 23.37, 24.87, 26.60, 
27.47 respectively; see Fig.3.1A). The monthly minimum and maximum temperature and rainfall 
negatively co-varied with latitude across these populations (Pearson’s product moment correlation: 
maximum temperature: r=-0.976, d.f.=5, P<0.001; minimum temperature; r=-0.984, d.f.=5, 
P<0.001 and rainfall; r=-0.823, d.f.=5, P=0.021). The average annual night time temperature (peak 
activity time of H. frenatus) varied by more than 8oC across the sites (Australian Bureau of 
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Meteorology – two year [2009-2010] average). All geckos used in this study exceeded a snout-vent-
length (SVL) of 42 mm and had a body mass greater than 2 g. All observations were conducted 
during the peak breeding and activity season for all population of H. frenatus (October – April).  
 
Estimates of population density 
The density of H. frenatus in each population was estimated during periods of peak activity (19:00 
to 24:00 h) (Marcellini, 1976; Frenkel, 2006). At each of the seven sites, we selected four 60 x 3 m 
transects within three types of urban habitats:  caravan park, local shop and university campus (12 
transects per population site). The selected urban localities are associated with characteristics 
known for successful invasions of H. frenatus: permanent light sources, food sources and preferred 
retreat sites (ceilings/roofs). The additional benefits of the selected habitats also include uniform 
structures and lighting regimes. Transects were similar in the magnitude of urban lighting and 
available shelter. To conduct population counts, each transect was walked at a set pace (1 m per 
10 sec) and the total number of individual H. frenatus visible in the light from a single LED head 
torch; light quantity - 32 lumens (TacTikka, Petzl, France) were counted. Density counts for each of 
the 12 transects were conducted over 5 consecutive nights for each site. To obtain an estimate of 
population density we divided nightly counts of each transect by the transect distance (m) to 
estimate the total number of individuals per transect per night.  
 
Activity surveys  
We conducted 10 min focal observations, in the field, of male and female adult H. frenatus to 
determine average activity levels for each population (Cairns N=67; Townsville N=77; Mackay 
N=63; Rockhampton N=67; Bundaberg N=63; Maroochydore N=50 and Brisbane N=63). The 
activities of 12 or more unique H. frenatus were observed every night, for 5 consecutive nights, 
between 19:00 and 24:00 hrs at each site. During each 10 min focal observation, we noted the 
number of ‘active’ movements: any observed movement of the focal gecko from a stationary 
position (moving to eat, alter position or interact with conspecifics). Level of activity for each 
individual was a tally of the total movements made within the 10 min observation period. If the 
focal gecko moved out of sight during the 10 min period, observations ceased and the data were not 
included.  All observations were made from a distance of 15 m, which did not affect the type or 
magnitude of activity exhibited by the focal individual.  
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Figure 3.1: Diagrams of A: Distribution of Hemidactylus frenatus in Australia. Symbols indicate population sites: 
Cairns (16.93°S), Townsville (19.26°S), Mackay (21.15°S), Rockhampton (23.37°S), Bundaberg (24.87°S), 
Maroochydore (26.60°S) and Brisbane (27.47°S). B: Photograph of the ventral surface of a male gecko (Hemidactylus 
frenatus). Morphological variables measured (modified from Cameron et al., 2013): jaw width (at the maximum lateral 
extent of the temporal jaw-adductor musculature), jaw length (from coronoid-articular jaw joint to tip of snout), body 
length (from coronoid-articular jaw joint to cloaca) tail width (pre caudal autonomy vertebrae) and tail length (cloaca to 
tip of tail).  All variables were analysed for individual geckos via principal component analyses to gain a measure of 
overall body size (PCBody – excluding tail length) and a second PCA for head size and shape (PCH-size (component 1) and 
PCH-shape (component 2) - jaw width and jaw length). 
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Morphological measurements 
The mass of each captured individual H. frenatus was measured using an electronic balance 
(± 0.01 g; Sartorius Excellence, GMBH, Göttingen, Germany). Digital photographs (Casio – EX-
FH, China) of the ventral surface of individual geckos were also taken for subsequent 
morphological analysis. For each photographed individual, using morphometric software 
(SigmaScan 5.0, Systat, San Jose, CA, USA) we measured: jaw width (at the maximum lateral 
extent of the temporal jaw-adductor musculature), jaw length (from coronoid-articular jaw joint to 
tip of snout), body length (from coronoid-articular jaw joint to cloaca), tail width (pre caudal 
autonomy vertebrae) and tail length (cloaca to tip of tail) (Fig. 3.1B)(Cameron et al., 2013). A 
principal component analysis (PCA) was used for morphological variables for both sexes from all 
seven populations combined, excluding tail length. Overall body size of H. frenatus is represented 
by PCBody (first principal component), which accounted for 67% of the variation in the data, with all 
positive loadings indicating that all four morphological variables increased together. Jaw width and 
jaw length were analysed separately in a second PCA with head size (PCH-size) the first component 
of the analysis and head shape (PCH-shape) the second component. All PC loadings were positive for 
PCBody and PCH-size indicating that morphological variables increased together, however for PCH-shape 
there was a trade-off between jaw width and jaw length. This species exhibits caudal autotomy; 
therefore tail length was removed from the overall measure of body size and all geckos that 
autotomized tails during testing were removed from analyses.  
 
Bite force 
The maximum bite force of individual H. frenatus was measured within 5 days of capture using a 
custom-built strain-gauge sensor. This apparatus consisted of two metal bite plates (8 x 25 x 1 mm) 
separated by a larger third steel metal pivot plate (3 mm thick) with all three plates permanently 
secured to form one unit. The two smaller bite plates protruded 12 mm beyond the pivot plate. The 
top metal plate had a 5 mm wire lead strain gauge (120Ω) (RS Electronics, Sydney, Australia) 
attached via epoxy resin. The output from the strain gauge was connected to a custom-made 
Wheatstone bridge linked to a bridge amplifier (AD Instruments, Sydney, Australia)(Wilson et al., 
2007). The bite plates were covered in flesh-like tape (Elastoplast, Beiersdorf, North Ryde, NSW, 
Australia) to allow for a defined biting point and a more realistic biting surface (for further detail on 
the construction of the sensor refer to Cameron et al., (2013). The sensor and amplifier outputs were 
calibrated daily by suspending weights of known mass (100 g to 1000 g) from the bite point to 
enable the bite force measurements to be converted to force (Newtons [N]). During each trial, 
geckos were induced to bite forcefully on the ‘bite point’ of the sensor by placing the bite plates 
between the gecko’s open jaws. If a bite was not attained immediately, geckos were rested and a 
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second attempt was made after ten minutes. Over two consecutive days, we conducted one trial per 
day, with a minimum of five strenuous bites per individual recorded for each trial (repeatability 
between maximum of trial 1 and 2: Pearson’s product-moment correlation: r=0.81, t=38.53, 
d.f.=768, P<0.001). From these 10 bites across the two trials (5/day over 2 consecutive days) the 
maximum forced produced by each individual was used as their maximum bite force (N). Bite force 
was measured at 23 ± 1.0oC between 09:00 and 18:00 h, and the order in which individuals were 
tested on each trial day was randomised. 
Sprint speed 
Sprint speeds for all captured H. frenatus were measured using a custom built Perspex runway 
(100 x 7 x 10 cm). The runway contained four infrared LED light gates at 10 cm intervals and 
movement past each light gate was recorded as a chronological output on a four-channel data 
acquisition system (PowerLab, AD Instruments, Sydney, Australia). For each trial, an individual 
gecko was positioned at one end of the runway and induced to sprint using a foam brush the same 
width as the runway. A minimum of four sprints were elicited during each trial, generating a total of 
12 time-split estimates of sprint speed as per Cameron et al., (2013). Individuals underwent one trial 
per day over two consecutive days. From the 24 splits (12 per day over 2 consecutive days) the 
fastest was then taken as an individual’s measure of maximum sprint speed (cm s-1) (repeatability 
between maximum of trial 1 and 2: Pearson’s product-moment correlation: r=0.17, t=4.66, d.f.=768, 
P<0.001). Maximum sprint speed was also measured at 23 ± 1.0oC between 09:00 and 18:00 h, and 
the order in which individuals were tested on each trial day was randomised. 
 
Statistical analysis 
A linear mixed effects model was used to determine the effects of latitude (fixed factor) on 
population density estimates with transect and night as nested random factors. Density data were 
square root transformed to meet the assumptions of normality. While a generalised linear mixed 
effects model (GLMMs - Bates et al., 2011) was used to determine the effects of latitude (fixed 
factor) on activity levels (family = Poisson), with night as nested random factor. We used post hoc 
pairwise comparisons (Tukey-Kramer HSD contrast) to determine whether populations along a 
latitudinal gradient differ in these responses (multcomp – Hothorn et al., 2008).  
 
For all individual data that was normally distributed, correlations between variables were analysed 
using multiple linear regressions and model simplification to select the best model using the update 
function in R, whereby non-significant interactions and variables were removed. Maximum bite 
force data were square root transformed to meet the assumptions of normality. Also, the 
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homogeneity of regression slopes assumption was met. We calculated size-corrected (relative) 
measures of head size (PCH-size), head shape (PCH-shape) and performance traits by generating 
residual values of the particular trait regressed on body length and SVL, respectively. Body length 
was used in place of SVL for relative measures of head size due to the direct contribution of head 
length (jaw length) to SVL (Dashevsky et al., 2013). Relationships between body sizes (PCBody), 
head size (PCH-size), head shape (PCH-shape) and performance traits (and all relative measures therein) 
were examined with regards to the effects of sex, latitude and interactions between the two predictor 
variables. 
 
A measure of sexual dimorphism (SD) for each population was estimated using the preferred 
Lovich and Gibbons (1992) size dimorphism index (Lovich and Gibbons, 1992): !" = !Male!trait!mean!Female!trait!mean− 1 
 
This results in a set of SD values that are symmetric around zero. Using this index, trait values were 
equal for both sexes when SD = 0, males were larger/stronger/faster than females when SD>0: and 
females were larger/stronger/faster than males when SD<0 (Lovich and Gibbons, 1992; Stillwell et 
al., 2007). Log transformed population means for males and females, rather than individuals, were 
used to avoid non-independence of individuals within sites (Gilchrist et al., 2004; Stillwell et al., 
2007). An additional PCA was conducted on population means to create a single variable for body 
size (PCBody mean) from the four morphological variables used in individual PCBody measures (jaw 
width, jaw length, body length and tail width – again tail length was excluded due to caudal 
autonomy). As per individual measures a second PCA was conducted to gain a measure of head size 
(PCH-size mean) and head shape (PCH-shape mean), component 1 and component 2, respectively (Stillwell 
et al., 2007). Relative measures of male and female population trait means were also calculated 
(Smith, 1999; Stephens and Wiens, 2009). Both PCH-size mean and PCH-shape mean were regressed on 
body length to gain residuals, as were population means for male and female sprint speed and bite 
force, residuals of performance traits were regressed on SVL.  A constant was added to population 
average trait means PCAs and relative measures to remove negative values prior to log10 
transforming. Pearson’s Product-moment correlations were used to assess the relationship between 
sexual dimorphism (SD) and latitude, density and activity.  We also calculated analogous ratios of 
sex-specific latitudinal, density and activity slopes (SSLS) for morphology and performance as per 
SD:  !!"!!!"#$% = Slope!of!male!trait!by!predictor!variableSlope!of!female!trait!by!predictor!variable− 1 
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Sex-specific slopes were calculated by regressing log10 transformed population average male and 
female traits on predictor variables (latitude, density or activity) (Blanckenhorn et al., 2006). When 
SSLS ratio = 0 there was no effect of predictor and sexes were isometric. Whereas SSLS>0 
indicated that there was a greater effect of latitude on the degree of male trait as opposed to SSLS<0 
on female trait (Blanckenhorn et al., 2006). 
 
We were also interested in whether the data conform to Rensch’s rule independent of latitude. To 
test Rensch’s rule in morphological measurements of size, shape and performance, we regressed 
log10 (male trait) on log10 (female trait) to test for allometry versus isometry. As per typical 
empirical assessments of allometry, we conducted a model II regression (Reduced Major Axis 
regression [RMA]), using R package (lmodel2 - Legendre, 2014) - type SMA, to gain the regression 
slope (b), correlation coefficient (R2), 95% confidence intervals (CI) and 2-tailed parametric P-value 
for the test of r and the Ordinary Least Squares slopes (OLS) (p). A slope exceeding 1 is consistent 
with Rensch’s rule, whereas negative allometry (b<1) supports inverse Rensch’s rule (b<1); The 
null hypothesis is the slope is equal to 1.0 [H0=1] (Fairbairn and Preziosi, 1994; Fairbairn, 1997; 
Blanckenhorn et al., 2007; Liao, 2013). When conducting a simple regression between log10-
transformed female and male traits, measurement error will be approximately equal in both sexes. 
The model I regression OLS would be statistically incorrect as neither male nor female size 
measurements are fixed nor measured with error (Fairbairn, 1997, 2005; Blanckenhorn et al., 2006). 
To determine if the size, shape and performance relationship between the sexes departed from 
isometry (H0), we calculated the 95% confidence interval of the slope to assess whether a slope of 
unity fell within its bounds (Liao, 2013; Liao et al., 2013). All statistical analyses were performed 
using R (R Core Team, 2013). Significance was taken at the level of p<0.05. 
 
 
Results 
Density and activity estimates 
The density of Hemidactylus frenatus for each population was negatively correlated with latitude 
(t=--4.52, d.f.=336, P<0.01; Fig. 3.2A), with higher densities occurring in the more tropical 
climates. The total number of active movements of H. frenatus also significantly increased in the 
tropical climates compared to the temperate regions (t=-23.71, d.f.=448, P<0.001; Fig. 3.2B). 
Individuals were more active in the warmer, tropical populations, with 8.1±1.0 movements per 
10 mins for the lowest latitudinal population of Cairns and 2.1±0.3 movements per 10 mins for the 
highest latitudinal population of Brisbane.  
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Morphology and performance 
Body size (PCBody) was positively correlated with latitude, with smaller individuals (male: 
0.24±0.20 and female: -1.82±0.14), in the tropical population of Cairns compared to significantly 
larger individuals (male: 1.18±0.19 and female: -0.28±0.13), in the temperate Brisbane population 
(r=0.36, t=5.66, F3,764=142.1, P<0.001) (see Table 3.1). Male H. frenatus were also significantly 
larger than females at all population sites (r=0.36, t=4.08, F3,764=142.1, P<0.001), however, the 
degree to which the sexes differed in body size did not co-vary with latitude (sex x latitude: r=0.36, 
t=-1.03, F3,764=142.1, P=0.301).  
 
 
Figure 3.2: The relationship between latitude (oS) and A: square root transformed density estimates and B: activity 
levels for Hemidactylus frenatus from the seven population along the east coast of Australia. Density estimates of H. 
frenatus negatively co-varied with latitude (A; r=-0.63; t=-4.52, d.f.=336, P<0.01). Activity levels of H. frenatus 
negatively correlated with latitude (B; r=-0.98, t=-23.71, d.f.=448, P<0.01). Vertical bars represent ±1 standard error 
(SE) of density estimates and activity levels for each population. 
 
Individuals from the temperate climates exhibited greater head size (accumulative jaw width and 
jaw length - PCH-size) than those from tropical climates (r=0.33, t=5.11, F3,764=117.2, P<0.001) and 
males from all seven populations had larger heads than females (r=0.33,t=3.08, F3,764=117.2, 
P=0.002).. However, there was no systematic divergence in the degree of sexual dimorphism in 
head size across latitude (r=0.33, t=-0.375, F3,764=117.2,  P=0.708). Independent of body size, 
relative head size of a population increased with decreasing latitude (r=0.15, t=10.47, F2,765=64.41, 
P<0.001), with males consistently having larger heads than females (r=0.15, t=4.82, F2,765=64.41, 
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P<0.001). In general, male and female H. frenatus exhibited similar degrees of variation in head 
size in lower latitudes than those from higher latitudes.   
Head shape (PCH-shape), which refers to the jaw width-length proportions, was significantly sexually 
dimorphic (r=0.38, t=-2.65, F3,764=11.16, P=0.036),  and the degree of this dimorphism 
systematically increased with decreases in latitude (r=0.38, t=-2.10, F3,764=11.16, P=0.007). Male H. 
frenatus had wider, shorter jaws in tropical climates compared to the narrower, longer jaws of more 
temperate males. Female head shape however remained relatively consistent among the seven 
populations. This result persisted even when body size was taken into account (sexual dimorphism; 
r=0.20, t=-2.20, F3,764=6.45, P=0.028: systematic change in sexual dimorphism across latitude (sex 
x latitude); r=0.20, t=2.08, F3,764=6.45, P=0.038). 
Male H. frenatus had consistently greater bite force capacities than females for all populations (sex: 
t=4.35, F3,764=70.27, P<0.001), with the degree of sexual variation increasing in the more tropical 
climates (sex x latitude: t=-2.26, F3,764=70.27, P=0.024). However, bite force in general did not vary 
between populations (latitude: t=-1.17, F3,764=70.27, P=0.242).  When bite force was size corrected 
(body length), sex differences remained significant (sex: t=3.31, F3,764=22.84, P=0.002), and were 
also correlated with latitude (t=-2.60, F3,764=22.84, P=0.040).  Overall, male H. frenatus from the 
tropical populations exhibited stronger bite forces than their female conspecifics, compared to the 
more temperate populations where there was little to no difference in male and female bite force 
capacities (sex x latitude: t=-2.46, F3,764=22.84, P=0.014).  
Sprint speeds of H. frenatus were not correlated with latitude (t=-0.49, F3,764=12.72, P=0.602), sex 
(t=0.92, F3,764=12.72, P=0.353) or interactions between sex and latitude (t=0.02, F3,764=12.72, 
P=0.983). Relative sprint speeds of males were greater than females across all populations (t=2.21, 
F2,765=3.46, P=0.027) but was not affected by latitude (t=-1.31, F2,765=3.46, P=0.180).  
 
The degree of sexual size dimorphism (PCBody mean), using Lovich and Gibbons (1992), increased in 
the more tropical latitudes (r=-0.82, t=-3.14, d.f.=5, P=0.025: Fig. 3.3A) with increasing population 
density (r=0.83, t=3.27, d.f.=5, P=0.022) but it was not correlated with activity level (r=0.72, 
t=2.37, d.f.=5, P=0.064). While head size (PCH-size mean) was not correlated with latitude (r=-0.66, 
t=-1.98, d.f.=5, P=0.1.04; Fig. 3.3B), density (r=0.71, t=2.23, d.f.=5, P=0.076) or activity (r=0.58, 
t=1.58, d.f.=5, P=0.174) with the degree of sexual dimorphism in overall head size remaining 
relatively consistent across all populations.  
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Table 3.1: Mean morphology measurements for both male and female Asian house geckos (Hemidactylus frenatus) from seven population sites along the east coast of 
Australia measured in (mm) and (g) ± standard error (SE).  
 
 
 
 
 
 
 
 
Population Latitude Jaw width (mm) Jaw length (mm) SVL (mm) Mass (g) Body size (PCBody) 
!! !! Male Female Male Female Male Female Male Female Male Female 
Cairns 16.93 10.46 ± 0.12 9.36 ± 0.08 9.65 ± 0.11 8.94 ± 0.09 53.14 ± 0.52 49.15 ± 0.39 3.55 ± 0.11 2.88 ± 0.09 0.24 ± 0.20 -1.82 ± 0.14 
Townsville 19.26 10.76 ± 0.11 9.76 ± 0.06 9.76 ± 0.09 9.00 ± 0.06 53.64 ± 0.50 49.48 ± 0.26 3.64 ± 0.12 2.75 ± 0.08 0.65 ± 0.20 -1.42 ± 0.10 
Mackay 21.15 11.48 ± 0.14 10.01 ± 0.08 10.50 ± 0.12 9.39 ± 0.09 55.39 ± 0.59 49.59 ± 0.31 4.05 ± 0.15 2.92 ± 0.11 1.81 ± 0.25 -0.91± 0.13 
Rockhampton 23.37 10.72 ± 0.13 9.64 ± 0.08 9.88 ± 0.10 9.11 ± 0.08 52.96 ± 0.53 48.89 ± 0.32 4.11 ± 0 .15 2.98 ± 0.08 0.62 ± 0 .23 -1.43 ± 0.14 
Bundaberg 24.87 11.00 ± 0.14 9.85 ± 0.10 10.39 ± 0.12 9.48 ± 0.11 53.62 ± 0.56 49.25 ± 0.40 4.27 ± 0.16 2.94 ± 0.08 1.18 ± 0.25 -1.07 ± 0.18 
Maroochydore 26.60 11.20 ± 0.14 10.12 ± 0.09 10.37 ± 0.13 9.45 ± 0.08 54.81 ± 0.59 50.30 ± 0.39 4.36 ± 0.15 3.23 ± 0.09 1.59 ± 0.26 -0.50 ± 0.17 
Brisbane 27.47 10.95 ± 0.09 10.23 ± 0.07 10.30 ± 0.11 9.65 ± 0.08 54.49 ± 0.54 50.61 ± 0.33 3.59 ± 0.11 3.20 ± 0.08 1.18 ± 0.19 -0.28± 0.13 
!
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Figure 3.3: The negative relationship between the degree of sexual dimorphism (SD - Lovich and Gibbons 1992 index) 
and latitude (oS) in Hemidactylus frenatus for A: log10 body size (PCBody mean)(r=-0.82, t=-3.14, d.f.=5, P=0.025), B: 
log10 head size (PCH-size mean) (r=-0.66, t=-1.98, d.f.=5, P=0.104) and C: log10 head shape (PCH-shape mean) (r=-0.88, t=-
4.18, d.f.=5, P=0.008). 
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As with sexual size dimorphism, the degree of sexual dimorphism in head shape (PCH-shape mean), 
was greater in the tropical populations compared to the temperate populations (r=-0.82, t=-4.18, 
d.f.=5, P=0.008; Fig. 3.3C) and increased  density (r=0.79, t=2.89, d.f.=5, P=0.039); changing from 
wide stout headed males in the high density population of Cairns to longer more narrower headed 
males in lower density Brisbane. However head shape was not significantly correlated with activity 
(r=0.74, t=2.46, d.f.=5, P=0.057). Sex differences in bite force and sprint speed were not 
significantly correlated with latitude (t=-2.14, d.f.=5, P=0.085; Fig. 3.4A: t=-0.03, d.f.=5, P=0.975; 
Fig. 3.4B, respectively), density (t=1.39, d.f.=5, P=0.221; t=1.189, d.f.=5, P=0.287 respectively) or 
activity (t=1.74, d.f.=5, P=0.142; t=0.32, d.f.=5, P=0.763 respectively).  
 
 
Figure 3.4: The relationship between the degree of sexual variation (SD: Lovich and Gibbons 1992 index) and latitude 
(oS) in Hemidactylus frenatus for A: bite force (r=-0.70 t=-2.14, d.f.=5, P=0.085) and B: sprint speed (r=-0.01, t=-0.03, 
d.f.=5, P=0.975). 
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Table 3.2: Ratios of sex-specific latitudinal, density and activity slopes (SSLS) for log10 transformed population sex 
means regressed on predictor variables. Calculated by Lovich and Gibbons 1992 index, where SSLS ratio = 0 there was 
no effect of predictor and sexes were isometric. Whereas SSLS>0 indicated that there was a greater effect of latitude, 
density or activity on the degree of male trait as opposed to SSLS<0 on female trait (allometric). 
Trait 
Sex-specific slope ratio 
Latitude Density Activity 
PCBody mean -0.95 -0.61 -0.52 
PCH-size mean -0.32 -0.49 -0.34 
PCH-shape mean 2.00 5.61 1.18 
Bite force -0.25 0.11 -0.03 
Sprint speed -0.20 0.86 -0.09 
 
Sex-specific slope ratios on latitude, density and activity levels were trait dependent where 
PCBody mean (latitude SSLS ratio = -0.95, density SSLS ratio = -0.61) showed a trend towards females being the 
more divergent sex (Table 3.2). Head shape (PCH-shape mean) however was more divergent in males across 
latitude (SSLS ratio = 2.00), density (SSLS ratio = 5.61), and activity levels (SSLS ratio = 1.18) (Table 3.2). 
Males and females were relatively isometric however in head size (PCH-size mean) and both performance traits 
(see Table 3.2).  
 
Rensch’s rule 
The allometric slopes (b), irrespective of latitude, were varied between traits ranging from isometric 
(PCH-size mean b = 0.949), female divergent (PCBody mean b = 0.748), to male divergent (PCH-shape mean b 
= 1.246 and sprint speed b = 1.255) (see Table 3.3). Although most traits other than PCH-size mean and 
bite force diverged from unity (b = 1) there was no significant support for Rensch’s rule as all 95% 
CI overlapped with an isometric relationship of 1. 
 
 
Discussion 
Our study investigated geographical patterns in sexual dimorphism and the underlying functional 
mechanisms and environmental correlates in Hemidactylus frenatus across a latitudinal cline. We 
found that sex-specific phenotypes co-varied systematically with latitude in some, but not all traits. 
Density and activity levels also co-varied with latitude, with higher densities and activity levels in 
tropical, low latitudinal populations. Sex differences were evident for all morphological and whole-
organism performance traits, although, only body size and head shape demonstrated a systematic 
relationship in sexual dimorphism with latitude or density. Male H. frenatus were consistently the 
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larger sex across all populations although overall female body size was more divergent than males. 
Males exhibited greater divergence in head shape than females, potentially because of this traits 
association with increased success in territorial disputes and other male-male antagonistic 
interactions (Huyghe et al., 2005; Husak et al., 2006b; Cameron et al., 2013; Huyghe et al., 2013). 
There were significant differences in the sexes between head size, bite force and sprint speed, 
however the degree of divergence in these traits between the sexes was not correlated with latitude 
or population density and levels of activity. Support for positive allometry in line with Rensch’s 
rule, independent of latitude, was only found in the head shape and sprint speed, although this was 
non-significant. While head size and bite force trended towards isometry, body size demonstrated 
negative allometry with female H. frenatus exhibiting a greater divergence than males.  
 
Table 3.3: Results from the test of latitude-independent geographic variation in sex-specific phenotypes consistent with 
the allometry of Rensch’s rule. Log10 transformed population mean of male trait regressed on female trait.  Assessed by 
Model II - Reduced major axis regression (RMA), where b = slope, R2= coefficient of determination, 95 % CI = 
confidence intervals and P = 2-tailed parametric P-value for the test of r and the ordinary least squares (OLS) slope. 
Null hypothesis (H0) b = 1. Rensch’s rule (H1) as a trait increases so does the degree of sexual differences in males b>1 
or inverse Rensch’s rule females b<1.  
Trait 
 Allometry 
b R2 95 % CI P 
PCBody mean 0.748 0.662 0.399-1.393 0.021 
PCH-size mean 0.949 0.741 0.545-1.658 0.012 
PCH-shape mean 1.246 0.661 0.666-2.332 0.026 
Bite force 0.921 0.807 0.607-1.398 0.003 
Sprint speed 1.255 0.855 0.821-1.919 0.003 
 
 
Greater body sizes of H. frenatus at higher latitudes and corresponding lower environmental 
temperature supports the predictions for Bergmann’s rule (Blackburn and Gaston, 1999; Angilletta 
et al., 2004; Blanckenhorn and Demont, 2004; Blanckenhorn et al., 2006; Stillwell and Fox, 2007). 
This finding is consistent with other studies of nocturnal geckos, that have a limited capacity to 
thermoregulate (Penniket, 2012), although many other squamate reptiles exhibit an inverse 
Bergmann’s cline (Ashton and Feldman, 2003). The magnitude of sexual size dimorphism (SSD) 
negatively co-varied with latitude but positively with population density, which is inconsistent with 
the predictions of Rensch’s rule mediated by Bergmann’s rule  (Blanckenhorn et al., 2006). 
However these results support the idea that sex differences in body size and other dimorphic traits 
may be due to the frequency and intensity of aggressive contests between males driven by increased 
density within populations (Emlen and Oring, 1977; Conner, 1989; Chui and Doucet, 2009). 
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Rensch’s rule implies that males should be more divergent in body size either because of the 
benefits it confers to males in territorial and aggressive interactions or that they are more 
phenotypically plastic than females. However, we found female body size to be more divergent than 
males. This was unexpected, because females of this species are monoautochronic egg layers, with 
fixed reproductive output, and only produce two eggs at time with no potential for increasing their 
fecundity (Jones et al., 1978; Brown et al., 2002). However, female H. frenatus from more tropical 
environments reproduce year round, placing greater demands due to prolonged reproductive seasons 
and the potential to produce multiple clutches year round.  This can therefore restrict further growth 
once sexual maturity is reached due to the allocation of resources for reproduction, rather than 
growth (Jones et al., 1978; Brown et al., 2002). 
 
We found that male H. frenatus demonstrated greater divergence in head shape dimorphism than 
females, and this divergence was correlated with latitude and density of a population. Males from 
the warmer tropical latitudes had significantly wider, stouter heads than males from the cooler sub-
tropical latitudes that had little to no sex-specific variation with both sexes generally exhibiting 
narrower, longer heads. Head shape dimorphism in other lizard species has been associated with 
distinct differences in the skull shape between males and females in conjunction with an 
enlargement of the jaw adductor muscles in males (Herrel et al., 2007b). The presence of positive 
allometry when studying exaggerated traits in males is generally used as evidence that the trait is 
under sexual selection, and therefore demonstrates the importance of the trait as a weapon or 
ornament used during mate acquisition (Emlen and Oring, 1977; Lande, 1980; Berglund et al., 
1996; Lappin and Husak, 2005; Bonduriansky, 2007; Irschick et al., 2007; Husak et al., 2011b; 
Painting and Holwell, 2013). A previous study by Cameron et al., (2013) found that both larger 
body size and head size are important in predicting dominance of male H. frenatus which is a proxy 
for reproductive fitness. Our results support these findings and the theory that sexual selection may 
be driving dimorphism in the secondary sex trait of head shape, potentially due to intensified 
intraspecific competition due to increased density.  
 
Males of territorial species are expected to increase body size and other secondary sex traits to gain 
a competitive advantage over rival males. Even among males of similar body length, the successful 
individuals of male-male combat might have greater body robustness or improved whole-organism 
performance (Lappin et al., 2006; Herrel et al., 2007b; Cameron et al., 2013). Whole-organism 
performance can equally be targeted by sexual selection (Irschick et al., 2007; Huyghe et al., 2013), 
with morphological advantages developing secondarily to sex-specific optimum performance traits. 
Bite force performance is best predicted by head shape and body size and is frequently associated 
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with increased dominance in lizards (Lailvaux et al., 2004; Huyghe et al., 2005; Lappin and Husak, 
2005; Husak et al., 2006b; Herrel et al., 2007b). We found that male H. frenatus had a consistently 
greater bite force capacity than females for all populations, however relative bite force (corrected 
for SVL) did not systematically co-vary with latitude as per head shape. Although not significant 
there was still a trend towards decreasing sexual variation in relative bite force with increasing 
latitude, with some females demonstrating a greater bite force capacity for a given size in the more 
sub-tropical populations. These findings suggest that there may be direct sexual selection for 
increased bite force in males from the high density, tropical populations, but not in higher latitudes. 
This idea is supported by our results that demonstrated that bite force was more divergent (sex-
specific slope ratio) in male H. frenatus than females across latitude. As bite force is known to 
provide an advantage during male-male combat in H. frenatus, sexual dimorphism in head shape 
therefore may develop secondarily, as a result of selection for an increased bite force capacity 
(Cameron et al., 2013). 
 
We found that male H. frenatus consistently had greater bite force capacities than females for all 
populations, however, differences in bite force did not systematically co-vary with latitude as per 
head shape, although there was some trend towards increased divergence. The manifestation of 
sexual dimorphism in head shape may therefore develop secondarily as a result of stronger sexual 
selection on the underlying functional mechanism of bite force (Cameron et al., 2013). Male H. 
frenatus also had consistently faster and more divergent sprint speeds than females, although these 
sex differences in performance did not co-vary with latitude or density of a population. Previous 
studies of locomotor performance of lizards have suggested that sprint speed is under the influence 
of sexual selection due to its association with increase reproductive success (Garland et al., 1990; 
Perry et al., 2004; Husak et al., 2006a). However, Huyghe et al., (2005) found no correlation 
between locomotor performance and dominance. It is also difficult to interpret the functional 
importance of locomotor performance in relation to reproductive fitness in this instance. In the case 
of H. frenatus, sprint speed may not be directly related to individual male-male combat success per 
se, but rather a more general indicator of overall male quality (Lailvaux et al., 2004; Hall et al., 
2010). For example, locomotor endurance is suggested to correlate with the duration of threat 
posturing in the male side-blotched lizard (Uta stansburiana) where locomotor performance 
provides an honest signal of the fighting capacity of an individual, via display rate (Brandt, 2003). 
Overall, we found that as male sprint speed increased, female sprint speed did not increase at an 
equal or proportional rate, with a minor degree of change in overall female sprint speed across all 
populations. Although this result is non-significant it suggests some conformation to a functional 
perspective of the allometry of Rensch’s rule when assessed independently from latitude. This is the 
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first instance in which the theory of allometry of Rensch’s rule has been tested using sex differences 
in whole-organism performance. However, our study is limited in the capacity to distinguish if the 
variations in sex-specific phenotypes across latitude are due to phenotypic plasticity in response to 
the associated environmental variables from evolutionary responses to climate or phenotypic 
plasticity in response to other variables that co-vary with latitude such as increased sexual selection 
(Blanckenhorn and Demont, 2004; Blanckenhorn et al., 2006; Stillwell and Fox, 2007). Future 
studies would benefit by targeting the phenotypic plasticity of sexually selected traits in response to 
various scenarios.  
 
Comparative analyses among populations, such as this study, are vital in confirming that 
macroevolutionary patterns arise from similar microevolutionary processes (Blanckenhorn et al., 
2006; Corl et al., 2009). Overall we found that latitudinal patterns of intraspecific sexual 
dimorphism in H. frenatus are attributed to both abiotic and biotic factors that co-vary with 
geographic variation. Such dimorphism is driven by sexual selection on both males and females and 
is trait dependent. This study demonstrates the importance for future investigations to consider 
secondary sex traits and the underlying functional performance rather than SSD alone when 
investigating the evolution of sexual dimorphism.    
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CHAPTER 4 
Thermal sensitivity of performance varies between males and females 
of the gecko, Hemidactylus frenatus 
 
 
Abstract 
Many sexually dimorphic traits of ectotherms (physiology, performance and behaviour) are greatly 
affected by environmental temperature.  Although a wealth of knowledge exists on the thermal 
dependence of such traits, the potential for sex-specific thermal sensitivities has been relatively 
unexplored. Sex differences in the thermal sensitivity of both physiological capacities and relative 
performance may have profound effects on each sex’s behaviour, ecology and ultimately fitness. 
Here we examine sex-specific variation in thermal sensitivity of performance across three 
populations of the Asian house gecko (Hemidactylus frenatus) that span along a latitudinal cline. 
Specifically we explored the sensitivity of performance traits (routine activity, bite fore and sprint 
speed) to determine if (i) populations differ in thermal sensitivity across latitude, (ii) thermal 
sensitivity varies between the sexes, and (iii) the degree of sexual variation in thermal sensitivity 
diverges among populations. We found significant differences between the sexes in whole-organism 
performance with males producing greater bite forces and faster sprint speeds than females, 
independent of body size. In addition, we found thermal sensitivities differed between the sexes in 
the tropical climate population, with females reducing sprinting performance to a greater degree at 
higher temperatures compared to males. Also, sexes from the tropical population demonstrated 
divergence in their thermal sensitivity of activity at higher temperatures, although this was non-
significant. In general H. frenatus that experience the more variable thermal environments displayed 
the broadest curves, while the more stable tropical climate appear to exhibit the greatest degree of 
divergence in their thermal sensitivity of performance. We showed that sexual variation also exists 
in thermal physiology, which appears to be linked to the greater requirement in males to maintain 
function over a broader range of temperatures than females.  
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Introduction 
Sexual dimorphism in physiology, morphology and behaviour is driven by sex-specific differences 
in the optimal phenotypes that maximise reproductive success (Lande, 1980; Andersson, M., 1994; 
Van Damme et al., 2008). Greater physical strength in males is often due to intense intrasexual 
competition for mates (male-male combat) (Garland et al., 1990; Perry et al., 2004; Husak et al., 
2006a), while larger body sizes in females is thought to result from the benefits of increased 
fecundity (Shine, 1988; Preziosi et al., 1996). Despite the prevalence of studies determining 
morphological and behavioural differences between the sexes, only recently have studies examined 
how males and females differ in whole-organism performance (Lailvaux, 2007; Lees et al., 2012). 
Exploring differences in performance capacities between the sexes is central to providing a 
mechanistic understanding of sexual dimorphism as performance provides a connection between 
morphology and physiology with the overall fitness of an individual (Arnold, 1983; Lailvaux et al., 
2003; Lailvaux and Irschick, 2007b; Kaliontzopoulou et al., 2013). From the few studies 
investigating sex-specific performance capacities, we know that males and females can differ in 
whole-organism performance, although little is known about the evolutionary drivers of these 
differences (Cullum, 1998; Lailvaux et al., 2003; Krasnov et al., 2004). As males and females 
frequently differ in their use of microhabitats (Butler et al., 2000; Asbury and Adolph, 2004), 
behaviour and overall activity (Stamps et al., 1997; Lailvaux et al., 2003; Asbury and Adolph, 2007; 
Yu et al., 2011), sex-specific variation in their use of the environment could be an important driver 
of divergence in whole-organism performance.  For ectotherms, any differences in habitat use and 
activity could profoundly affect their thermal activity profiles (Bakken, 1992; Miles, 1994) leading 
to divergence in thermal optimum environments between the sexes. In these cases, each sex may 
benefit from different thermal dependence and sensitivities of performance that allow them to 
maximise fitness across the environments to which they are actually exposed; especially for traits 
closely related with either male or female reproductive success (Huey and Pianka, 2007). However, 
surprisingly few investigations have explored the potential for sex-specific differences in the 
thermal dependence of whole-organism performance (Huey and Pianka, 2007; Lailvaux, 2007; 
Polcak and Gvozdik, 2014).  
 
Whole-organism performance operates within bounded thermal extremes, where physiological 
processes increasing with body temperature, reaching an optimal temperature for performance, prior 
to a rapid decline towards a thermal maximum (Huey and Stevenson, 1979; Gilchrist, 1995; Izem 
and Kingsolver, 2005). Detecting divergences between sexes, populations or species in thermal 
physiology is often based upon analysis of three descriptors of thermal performance curves; (i) 
thermal optimum, or the temperature that enables maximal performance, (ii) performance breadth, 
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or the range of temperatures where performance equals or exceeds a certain level, and (iii) the total 
area under the curve, or the cumulative performance within the bounded extremes (Huey and 
Stevenson, 1979; Huey and Kingsolver, 1989; Gilchrist, 1996; Wilson, 2001; Izem and Kingsolver, 
2005; Cooper et al., 2010; Condon et al., 2014). Empirical studies investigating sex-specific 
variation in thermal sensitivities, while limited, have produced contrasting results. Lailvaux et al., 
(2003), found that although male Platysaurus intermedius wilhelmi lizards had greater overall sprint 
speeds than their female conspecifics, the sexes did not differ in the optimum temperature or the 
range of thermal tolerance for sprint performance.  In contrast, sex differences were found in the 
thermal sensitivity of multiple parameters of jump performance in Anolis carolinensis, with males 
having greater jump performance in some parameters and females exhibiting narrower thermal 
tolerance in others, although many but not all of the differences could be attributed to body size 
(Lailvaux and Irschick, 2007b). Two more recent studies on sprint performance in lizards, however, 
found no differences between males and females in their thermal sensitivity of this locomotor 
performance trait (Zajitschek et al., 2012; Artacho et al., 2013).  
 
In this study, we explored the extent of sex-specific variation in the thermal sensitivity of activity 
and performance in three populations of Hemidactylus frenatus (Schlegel 1836) that span a wide 
latitudinal cline. Hemidactylus frenatus is one of the world’s most widely distributed lizards 
species, and although it is native to south-east Asia, it has now successfully invaded urban habitats 
across the tropics, sub-tropics and temperate regions (Wilson and Swan, 2008). Geographic 
differences exist in the seasonal activity and reproductive patterns of H. frenatus, where tropical 
populations are active and reproduce year round (Church, 1962; Cheng and Lin, 1977; Crowley and 
Pietruszka, 1983; Lin and Cheng, 1984; Ota, 1994). In comparison, reproduction and activity of 
sub-tropical and temperate populations of H. frenatus are restricted to the spring and summer 
months (Ota, 1994). Male H. frenatus are highly territorial and exhibit more aggressive behaviours 
and frequency of fights with other males at higher temperatures (Marcellini, 1971, 1974; Frenkel, 
2006). To test for sex-specific thermal physiologies, we first explored if males and females 
exhibited different activity patterns across a range of temperatures. We predicted males of H. 
frenatus to be more active than females, exhibiting a wider performance breadth, as males are 
required to remain active over a broad range of environmental conditions to gain and defend 
territories. In a similar way, we expected males to have greater overall sprinting and biting 
performance and a wider thermal performance range to enable increased performance over a wider 
range of temperatures than females. This is highly relevant for a nocturnal ectotherm that has a 
limited capacity to behaviourally regulate body temperatures during peak activity times. In general, 
populations from tropical climates experience a warmer more stable environment than higher 
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latitudes (sub-tropical/temperate climate) that have greater daily and seasonal variation in 
environmental ambient temperatures. Therefore we expected that the tropical populations would 
have narrower curves (thermal specialist) with increased maximum performance compared to 
populations from the sub-tropical/temperate latitudes (thermal generalists) with broader curves and 
reduced maximum performance. Finally, we predicted a greater divergence in sex-specific thermal 
sensitivities in sub-tropical/temperate populations, as it is a more restrictive thermal environment, 
possible placing greater pressure on the males from cooler climates to maintain territorial 
behaviours at low temperatures. 
 
 
Materials and methods 
Study species and populations 
A total of 172 male and 141 female Hemidactylus frenatus were captured from three populations 
along the east coast of Queensland, Australia: Cairns (male N=57, female N=44), Rockhampton 
(male N=59, female N=50), and Brisbane (male N=56, female N=47) (see Fig. 4.1A). These three 
populations cover a 1700 km and 11o latitudinal range with varying thermal environments (see Fig. 
4.1B). Cairns (16.93°S) is located in the Tropics with average annual maximum temperatures of 
29.50 ± 0.27oC, minimum temperatures of 21.27 ± 0.41oC and high rainfall 2.49 ± 1.07 m. 
Rockhampton (23.37°S) is located on the Tropic of Capricorn and experiences average maximum 
temperatures of 28.53 ± 0.46oC and minimum temperatures of 17.37 ± 0.73oC and lower rainfall of 
0.97 ± 0.04 m. Brisbane (27.47°S) has a sub-tropical climate with average maximum temperatures 
of 25.20 ± 0.46oC and minimum temperatures of 15.83 ± 0.70oC and  annual rainfall of  1.32 ±   
0.56 m (2009-2011: Australian Bureau of Meteorology). A three-year average from 2009-2011 was 
used because it represented the range of environmental temperatures that the H. frenatus used in this 
study experienced during their lifetime (Fig. 4.1B). All captured H. frenatus were sexually mature, 
had snout-vent lengths (SVL) greater than 42 mm, and weighed more than 2 g. 
 
All captured H. frenatus were transported to the University of Queensland and maintained in a 
temperature-controlled room at 23 ± 1oC with a 12L:12D light cycle. A two-week period of 
acclimation was given to all geckos prior to testing. Geckos were individually housed in ventilated 
clear plastic terrariums (26 x 17 x 13 cm) with a newspaper substrate and a 10 x 5 cm piece of 
perforated black plastic piping for a retreat. Heat cord (9 m/90 W) was supplied beneath each 
terrarium below the retreat between the hours of 08:00 and 16:00. This allowed individuals to self-
regulate body temperature (temperature range: 23 to 35oC).  All individuals were fed a diet of 
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calcium-dusted wood cockroaches (Nauphoeta cinerea) and crickets (Acheta domesticus) every 
three days. Water was misted into their enclosures daily. 
 
 
Figure 4.1: A: Current distribution of Hemidactylus frenatus along the northern and eastern regions of Australia. 
Symbols indicate population sites where H. frenatus were collected for this study. B: Seasonal changes in average 
maximum (full markers) and minimum (empty markers) temperatures (oC) at localities central to collection sites of H. 
frenatus. Data represented are three-year monthly averages (2009-2011) (Australian Bureau of Meteorology). Error bars 
represent ± standard error (SE). 
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The effect of temperature on routine activity and bite force was assessed over a range of 6 
temperatures (15, 20, 23, 26, 29 and 32oC) within a temperature-controlled room (±1oC). Sprint 
speed was also measured at the additional test temperature of 35oC because performance continued 
to increase at 32oC. Order of temperatures was randomised, but performance was tested initially at 
23oC and repeated at the end at the same temperature to determine if individual performance 
changed over time (repeatability measured by Pearson’s product-moment correlation: routine 
activity: r=0.25, t=4.26, d.f.=311, P<0.001; bite force: r=0.48, t=9.63, d.f.=311, P<0.001 and sprint 
speed: r=0.32, t=5.91, d.f.=311, P<0.001). For all experiments, individuals were only ever tested 
once in a single day (one test temperature) between 09:00 and 18:00 hrs (excluding routine activity; 
refer to performance description), with a minimum of 48 hours rest between each test temperature. 
All individuals were exposed to test temperatures for a minimum of 90 min prior to assessment to 
ensure body temperatures were equal to test temperatures.  
 
Body masses of all individuals were measured using an electronic balance (±0.01 g; Sartorius 
Excellence, GMBH, Göttingen, Germany). Snout-vent lengths (SVL) were obtained from calibrated 
digital photographs of the ventral surface of an individual (Casio, EX-FH25, China) using 
morphometric software (SigmaScan 5.0, Systat Software, San Jose, CA, USA). Morphological 
parameters were recorded at the start and end of the study; individuals that varied by greater than 
10% across the study period were removed from analyses. The average of the initial and final 
morphological measurements for an individual was used for the final measure of mass and SVL. 
Hemidactylus frenatus that autotomised their tail during the study, gravid females and individuals 
missing data from one or more of the test temperatures were also removed from analyses. 
 
Routine activity 
Routine activity was assessed during a period of natural nocturnal activity between 19:00 – 
20:00 hrs (Marcellini, 1974; Ojanguren et al., 2001; Frenkel, 2006). We defined routine activity as 
the total amount of exploratory movement of an individual during a one-hour period (Ojanguren et 
al., 2001). Individuals were observed within their permanent terraria (26 x 17 x 13 cm), which were 
orientated sideways to allow full visibility of movement. The exterior of all terraria were sub-
divided equally into defined quarters. Paper substrate was removed and the black perforated tubing 
(retreat) remained fixed to one end (fully visible) to reduce disturbance to the gecko. Individuals 
were filmed using a Sony handheld camera (Sony DCR-HC52E, Tokyo, Japan) set to night shot 
(infrared lights), which enabled recording to occur in complete darkness with no disturbance by an 
observer.  An active movement was defined as an individual crossing from one quadrant into 
another, with the eyes used as a fixed point to define a definitive cross into a new quadrant. 
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Recording was started 90 mins prior to the observation period to avoid disturbance of natural 
activity. Footage of each individual was then played back to obtain a total number of movements 
during a 60 min period at each test temperature. 
 
Bite force 
Maximum bite force was measured as per Cameron et al. (2013), using a custom-built force sensor. 
This apparatus consisted of two metal bite plates that pivoted on an interior metal plate. Bite plates 
were covered in flesh like tape (Elastoplast, Beiersdorf, North Ryde, NSW, Australia) to allow for a 
defined biting point and a more realistic biting surface. A 5 mm strain gauge (120Ω) (RS 
Electronics, Sydney, Australia) was attached using epoxy resin (for more detail refer to Cameron et 
al., 2013). Output from the strain gauge occurred via a bridge amplifier (AD Instruments, Sydney, 
Australia) to a data acquisition system (PowerLab, AD Instruments). The sensor and amplifier 
output were calibrated daily by suspending items of known mass (ranging from 100g to 1000g) 
from the bite point to enable bites to be converted to force (Newtons). At each test temperature, the 
bite plates were placed between the open jaw of individual geckos and an aggressive bite was 
induced on a specific ‘bite point’.  If a strenuous bite was not obtained, geckos were rested and a 
second attempt was made after ten minutes. A minimum of five bites per individual, were recorded 
at each measurement temperature, with the bite with the greatest force used as their maximum bite 
force (N) at each test temperature. 
 
Sprint speed 
Maximum sprint speed was measured in a custom built Perspex boxed runway (100 x 7 x 10 cm). 
Four infrared LED light gates were positioned in the centre of the runway at 10 cm intervals. 
Outputs from light gates were monitored via a four-channel data acquisition system (PowerLab, AD 
Instruments, Sydney, Australia). Geckos were positioned at one end of the runway and induced to 
sprint along the runway using a foam brush the diameter of the boxed runway. A minimum of four 
sprints were obtained at each test temperature, generating a total of 12 time splits between the light 
gates (Cameron et al., 2013), with the fastest used as a measure of an individual’s maximum sprint 
speed (cm s-1) at that test temperature.  
 
Statistical analysis 
Generalised linear mixed effect models (GLMMs - Bolker et al., 2009) were used to test the effect 
of test temperature, latitude and sex on routine activity of H. frenatus. The dependant variable was 
defined as Poisson distributed. Test temperature, population, latitude and sex were fitted as fixed 
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factors. Since some portion of observed differences in performance may be due to sexual 
dimorphism in body size, SVL was set as a covariate and individual was fitted as a random effect 
(repeated measures design). Restricted maximum likelihood and Akaike information criterion (AIC) 
were used to determine the best structure for the full model (Zuur et al., 2009). Through model 
selection, the most parsimonious model for routine activity was obtained. We performed model 
reductions by fitting mixed effects by maximum likelihood and tested significance with log-
likelihood ratio tests (Bolker et al., 2009). Because we were interested in the difference in routine 
activity at test temperature, and the effects of sex across all three populations, planned contrasts 
controlling for multiple comparisons using post hoc pairwise comparisons (Tukey-Kramer HSD 
contrast) were performed. 
 
Linear mixed effects models (LMMs) were used to examine the effect of measurement temperature, 
latitude and sex on maximum bite force and sprint speed. Both performance traits demonstrated 
normal (Gaussian) distributions (Cooper et al., 2010; Condon et al., 2014). As per routine activity, 
measurement temperature, population latitude and sex were fitted as fixed factors with SVL as a 
covariate and individual as a random factor. The best fitting mixed model was determined using 
AIC.  Planned contrast controlling for multiple comparisons using post hoc pairwise comparisons 
(Tukey-Kramer HSD contrast) were also used to compare both performance traits within different 
factors. 
 
We calculated the breadth of individual performance curves using Gilchrist’s (1996) formula:  
 
! = !!(!! − !!"#)!!"# !!!!! , 
 
Where, N is the number of measurement temperatures, Ti equals temperature i, Pi is the 
performance at the measurement temperature Ti, Pmax is the maximum rate of performance and Topt 
is the temperature of the maximum rate performance. Area was calculated by the sum of the 
measure of performance across all measurement temperatures per individual (Gilchrist, 1996).  
 
To compare the breadths and areas of performance curves we used linear models and model 
simplification to assess differences between the three populations and between sexes. Due to the 
effect of body size on performance both breadth and area of individual curves were size corrected. 
This was done by regressing bite force and sprint speed area and breadths estimates for an 
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individual on SVL to obtain residuals.  Routine activity was not corrected for size as there was no 
significant effect of SVL on this performance trait. All statistical analyses were performed using R 
(version 3.0.2, R Foundation for Statistical Computing, Vienna, Austria). To produce the GLMMs 
and LMMs we used the lme4 package (Bates et al., 2011) in conjunction with lmerTest package 
(Kuznetsova et al., 2013) and to conduct the multiple comparisons, we used the multcomp package 
(Hothorn et al., 2008). Descriptive statistics are presented as means ± standard errors (SE), with a 
significance level at P=0.05. 
 
 
Results 
Latitudinal variation in body size  
Male H. frenatus were significantly larger (approximately 10%) than females across all three 
populations (t=2.77, F3,309=75.48, P=0.006; see Table 4.1). Body length was also correlated with 
latitude of each population, with males and females from the cooler population of Brisbane 
exhibiting average snout-vent lengths 4% longer than the warmest population of Cairns (t=2.96, 
F3,309=75.48, P=0.003). However, there was no detectable systematic increase in this sexual 
dimorphism across latitude (t=-0.08, F3,309=75.48, P=0.935).  
 
Table 4.1: Mean snout-vent length (SVL) for male and female Hemidactylus frenatus from the three study populations. 
SVL measured in mm ± standard error (SE). 
Population Latitude (oS) 
SVL (mm) Mass (g) 
Male Female Male Female 
Cairns 16.97 53.33±0.38 48.44±0.43 3.16±0.07 2.47±0.04 
Rockhampton 23.37 53.28±0.40 48.53±0.37 3.33±0.07 2.70±0.05 
Brisbane 24.47 55.27±0.41 50.40±0.40 3.31±0.06 2.67±0.05 
 
 
Thermal sensitivity of routine activity 
Routine activity of H. frenatus was significantly dependent on the interaction between test 
temperature, latitude and sex, with levels of activity increasing with temperature (Table 4.2; Fig. 
4.2). The thermal optimum for activity was 29oC and this was independent of sex and latitude (Fig. 
4.2; z=-0.26, P=1.00). Thermal sensitivity of routine activity did not significantly differ between the 
sexes (Appendix - Table A4.1), but Cairns and Rockhampton females tended to have reduced 
activity compared to males at the highest test temperature of 32oC (C-M:F z=1.84, P=0.099 and R-
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M:F z=3.58, P=0.059: see Fig. 4.2 and Table A4.1). However, male H. frenatus from all three 
populations had broader curves than females, with the capacity to maintain activity over a wider 
range of temperatures (see Table 4.5; t=3.93, F3,309=12.66, P<0.001).  
Table 4.2: Results of the generalised linear mixed effects model (GLMMs) for routine activity, including snout-vent 
length (SVL) as a covariate. This table represents the best model, via model selection with the three-way interaction of 
measurement temperature, latitude and sex. Asterisks (*) denotes significance (P<0.05). 
Factors d.f. F P 
SVL 1 0.26 0.631 
Test temperature 5 2081.38 <0.001* 
Latitude 2 0.64 0.577 
Sex 1 1.78 0.209 
Test temperature x latitude 10 134.60 <0.001* 
Test temperature x sex 5 21.24 <0.001* 
Latitude x sex 2 0.27 0.760 
Test temperature x latitude x sex 10 5.23 <0.001* 
 
 
Both sexes from the cooler latitudinal population of Brisbane exhibited wider performance breadths 
than that of H. frenatus from Cairns (t=3.68, F3,309=14.78, P<0.001) and Rockhampton (t=5.19, 
F3,309=14.78, P<0.001)(see Table 4.5).  Individuals from Brisbane had a greater level of activity at 
the lower test temperatures of 15 and 20oC than those from the warmer populations (Fig. 4.2 
z=13.04, P<0.001). However, there was no significant difference in the area under the curve 
between latitudinal populations (t=-1.52, F3,309=1.82, P=0.135) or between males and females 
(t=1.41, F3,309=1.81, P=0.159). 
 
Thermal sensitivity of bite force  
Bite force was largely thermally independent across the test temperature range, with H. frenatus 
maintaining greater than 80% of their maximum bite force across all test temperatures except for 
15oC (Fig. 4.3). The most parsimonious model (Table 4.3), suggested that test temperature and 
population latitude had a significant effect on bite force; although there were no distinctive patterns 
arising from these interactions. Thermal sensitivity of biting performance did not vary between the 
sexes (see Table 4.3, Fig. 4.3). Males produced greater biting forces than females across all test 
temperatures, even after accounting for SVL (Table 4.3). Latitudinal populations were different in 
their thermal sensitivity of bite force (see Table 4.3, Fig. 4.3). The area under the curve, or total bite 
force capacity across all test temperatures, was significantly correlated with sex (t=3.50, F-
3,309=8.083, P<0.001) and latitudinal population (t=, F3,309=8.083, P=0.002), with males consistently 
demonstrating a greater bite force capacity than females (see Table 4.5). Males and females of the 
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Rockhampton population produced, on average, 5% higher bite forces than both the Brisbane and 
Cairns populations (t=2.23, F3,309=8.083, P=0.043 and t=3.46, F3,309=8.083, P=0.001 respectively) 
suggestive of optimal bite force performance in the mid latitudes.  However, there was no 
significant difference in the performance breadth of biting performance with curve breadths being 
equal in males and females (t=-0.40, F3,309=0.67, P=0.689), and across the three latitudinal 
populations (t=1.09, F3,309=0.67, P=0.054)(see Table 4.5).  
 
 
 
 
Figure 4.2: Thermal sensitivities of routine activity for Hemidactylus frenatus from three latitudinal populations: Cairns 
– 16.97oS (C), Rockhampton – 23.37oS (R) and Brisbane 27.47oS (B) for both males (M) and females (F). Data are 
plotted from the best predictive of model from population and sex means for routine activity (see Table 4.2). Error bars 
represent ± SE. 
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Thermal sensitivity of sprint speed 
Sprinting performance was highly dependent on test temperature, sex and latitude and the 
interaction therein, with rapid increases in sprint speeds from 15 to 29oC for all study populations 
(Table 4.4; Fig. 4.4). The optimal temperature for sprint speed performance ranged between 29-
35oC, depending on both latitudinal population and sex (Fig. 4.4). Sprint speed significantly co-
varied with SVL (P=0.004 - see Table 4.4). We found the thermal sensitivity of sprint speed 
differed between the sexes in the tropical population of Cairns. Sprint speeds of female H. frenatus 
were significantly lower than males at the higher test temperatures of 32 and 35oC for this 
population (Fig. 4.4: z=5.35, P<0.01 and z=5.48, P<0.0, see Table A4.2 in Appendix). However, 
males and females did not differ in their thermal sensitivity of sprinting performance for 
Rockhampton and Brisbane populations (Fig. 4.4 and Table A4.2 in Appendix). Male geckos were 
faster than females across all populations (Table 4.4). Males from all three populations had 8% 
faster total combined speeds than females, independent of body size (t=3.23, F3.309=22.05, 
P=0.001).  Male and female H. frenatus from the Rockhampton population had a greater area under 
their performance curves than Cairns and Brisbane populations (t=4.17 F3,309=22.05, P<0.001 and 
t=7.45,  F3,309=22.05 P<0.001 respectively), with an average comparative total of more than 10% 
faster speeds (see Table 4.5). Sprint performance for the Rockhampton and Brisbane populations 
had significantly wider performance breadth than the tropical population of Cairns (t=6.01, F-
3,309=12.21, P<0.001 and t=2.50, F3,309=12.21, P=0.013 respectively). However, there was no 
significant difference in the breadth of sprint speed thermal performance curves between the sexes 
(t=0.31, F3,309=12.21, P=0.755)(see Table 4.5).  
 
Table 4.3: Results of the linear mixed effects model of bite force with snout-vent length (SVL) as a covariate for the 
three population sites of Hemidactylus frenatus; type 3 ANOVA table with denominator degrees of freedom calculated 
based on Satterthwaite's approximation. Asterisks (*) denotes significance (P<0.05)."
Factors d.f. MS F P 
SVL 1 5.59 305.97 <0.001* 
Test temperature 5 2.13 55.52 <0.001* 
Latitude 2 0.24 7.30   0.002* 
Sex 1 3.96 104.20 <0.001* 
Test temperature x latitude 10 0.32 8.37 <0.001* 
Test temperature x sex 5 0.05 1.26 0.278 
Latitude x sex 2 0.06 1.60 0.408 
Test temperature x latitude x sex 10 0.03 0.91 0.522 
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Figure 4.3: Thermal sensitivities of bite force (N) for Hemidactylus frenatus from three latitudinal populations: Cairns 
– 16.97oS (C), Rockhampton – 23.37oS (R) and Brisbane 27.47oS (B) for both males (M) and females (F). Data are 
plotted from the best predictive model from population and sex means for bite force (see Table 4.3). Error bars 
represent ± SE.  
 
 
Table 4.4: Results of the linear mixed effects model of sprint speed with snout-vent length (SVL) as a covariate for the 
three population sites of Hemidactylus frenatus; type 3 ANOVA table with denominator degrees of freedom calculated 
based on Satterthwaite's approximation. Asterisks (*) denotes significance (P<0.05). 
Factors d.f MS F P 
SVL 1 22515 8.23 0.004* 
Test temperature 6 555858 670.37 <0.001* 
Latitude 2 14425 18.277 <0.001* 
Sex 1 33426 41.5 0.002* 
Test temperature x latitude 12 6311 7.63 <0.001* 
Test temperature x sex 6 1877 2.4 0.026* 
Latitude x sex 2 1279 1.57 0.206 
Test temperature x latitude x sex 12 1885 2.31 0.006* 
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Table 4.5:  Summary of the results for the three thermal performance curves (TPC) (routine activity, bite force and sprint speed) for all H. frenatus from each study population 
Results for each TPC include the thermal optimum for performance (Topt), the breadth of individual performance curves using Gilchrist’s (1996) formula and the area which was 
calculated by the sum of the measure of performance across all measurement temperatures per individual. Values represent population means for males and females separately ± 
standard error (SE).  
Population 
Latitude  (oS) Sex 
Routine activity   Bite force   Sprint speed 
Topt Breadth Area   Topt Breadth Area   Topt Breadth Area 
Cairns Female 28.4±0.4 5.2±0.3 171±10 
 
25.0±0.7 12.8±0.4 4.8±0.2 
 
31.0±0.4 10.4±0.4 694±17 
16.93oS Male 28.5±0.4 5.9±0.2 189±11 
 
25.9±0.6 13.4±0.5 6.3±0.2 
 
31.3±0.4 10.8±0.4 785±12 
Rockhampton Female 29.5±0.3 4.7±0.3 162±8 
 
24.3±0.4 12.7±0.4 5.5±0.1 
 
31.9±0.3 13.2±0.3 771±10 
23.37oS Male 29.8±0.3 5.6±0.3 175±9 
 
25.0±0.5 12.7±0.4 6.8±0.2 
 
31.5±0.4 13.1±0.4 820±10 
Brisbane Female 28.9±0.2 6.0±0.3 163±8 
 
26.7±0.7 13.8±0.5 5.3±0.2 
 
31.8±0.5 11.5±0.3 685±14 
27.47oS Male 28.9±0.2 7.5±0.4 165±7   25.8±0.6 14.1±0.4 7.1±0.2   31.8±0.4 12.0±0.4 736±11 
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Figure 4.4: Thermal sensitivity of sprint speed (cm-s) for Hemidactylus frenatus from three latitudinal populations: 
Cairns – 16.97oS (C), Rockhampton – 23.37oS (R) and Brisbane 27.47oS (B) for both males (M) and females (F). Data 
are plotted from best the predictive model from means of population and sex sprint speed (see Table 4.4). Error bars 
represent ± SE.  
 
Discussion 
Understanding how males and females respond to different thermal environments may shed light on 
potential mechanisms that drive sex-specific performance capacities. This divergence in thermal 
sensitivity would allow ectotherms such as Hemidactylus frenatus to extend their realised ecological 
niche both temporally and spatially. In the present study, we investigated sex-specific variation in 
the thermal dependence of performance of H. frenatus along a latitudinal cline. Sex differences in 
the thermal sensitivity of whole-organism performance were predicted to occur because of the 
importance for males to maintain activity across a wider environmental temperature range to control 
territories and obtain resources.   
 
To better understand the factors underlying such differences we compared three populations of H. 
frenatus that naturally experience different thermal regimes. We found that the thermal sensitivity 
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of whole-organism performance was trait, population and sex dependent, with varied support for 
sex-specific thermal sensitivity among the populations for routine activity and sprint speed 
performance. As expected, we found differences between the sexes in whole-organism performance 
capacities, with male H. frenatus possessing greater relative bite forces and sprint speeds than 
females. The greater performance capacity observed in males for these two traits may be due to 
their importance for male-male combat in H. frenatus. Cameron et al., (2013), found male H. 
frenatus with greater relative bite forces were more successful in territorial fights.  
 
Males from all three populations had broader thermal sensitivity curves and maintained their level 
routine activity over a wider range of temperatures, than females. The broad thermal activity ranges 
for males is likely to be driven by the need to maintain territories for mating opportunities and food. 
This is particularly important for male H. frenatus because they have a limited capacity to 
behaviourally regulate body temperatures during peak activity times (Marcellini, 1976; Huey et al., 
1989; Frenkel, 2006). Previous studies on levels of activity in other lizard species have found that 
males are typically more active than females, especially during the breeding season (Anderson and 
Karasov, 1988).  
 
Theoretical models predict, and comparative analyses suggest, that organisms experiencing greater 
thermal variation should have broader thermal niches and exhibit a generalist thermal physiology 
(Huey and Kingsolver, 1989; Angilletta, 2009). Supporting this idea, we found H. frenatus from the 
sub-tropical, Brisbane population had broader thermal performance curves for routine activity, than 
the more stable tropical population of Cairns.  However, H. frenatus from Rockhampton did not 
differ from Cairns even though they experience greater thermal variability. Other studies have 
found similar results and suggest that mean and extreme temperatures may act as a more potent 
selective force on the shape of thermal performance curves rather than fluctuations in temperature 
(Kingsolver and Huey, 2008; Angilletta, 2009; Cooper et al., 2010). 
 
Bite force was largely independent of test temperature, and both male and female H. frenatus 
perform at greater than 80% of their maximal levels across the broad range of test temperatures. 
The relative temperature independence of biting capacities may allow H. frenatus to employ and 
maintain defence strategies at lower temperatures when escape performance (sprint speed) is 
reduced (Herrel et al., 2007a; Vervust et al., 2011). Similarly, in the nocturnal gecko, Gekko gecko, 
a 10oC decrease of body temperature resulted in only a 25% reduction in bite force capacity 
(Anderson et al., 2008). However, diurnal agamid lizards experience a significant 50% decrease in 
bite force with a 10oC decrease in body temperature (Herrel et al., 1999a). Such a broad thermal 
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performance range, for both sexes, in bite force is likely to be a result of its tight association with 
non sex-specific ecological factors, such as food acquisition and defence against predators, rather 
than male-male combat alone (Lappin and Husak, 2005; Anderson et al., 2008). The underlying 
physiological explanation for thermal independence has been associated with the force generation at 
the muscular level within the jaw-cranial musculoskeletal system as it is less sensitive to changes in 
temperature due to the composition of muscle fibre types (i.e. fast and slow twitch muscle fibres) 
(Herrel et al., 1999a; Lappin and Husak, 2005; Anderson et al., 2008). The difference between male 
and female H. frenatus in bite force is also more likely to be related to underlying muscle structural 
arrangement and muscle mass (head shape) rather than sex-specific differences in the composition 
of the muscles per se (Herrel et al., 2007b). For males of many lizard species, bite force is an 
important determinant  of success in agonistic and mating encounters (Cooper and Vitt, 1993; 
Lailvaux et al., 2004; Huyghe et al., 2005; Cameron et al., 2013). As a result, increased levels of 
testosterone in male lizards may increase both muscle size and overall strength, but not strength per 
unit cross-sectional area of muscle (Sinervo et al., 2000). Thus, it is more than likely that increased 
muscle mass (sexual dimorphism in head shape) rather than muscle composition is the reason for 
greater relative bite force in males than females (Herrel et al., 2007a).  
 
Consistent with previous studies on lizard locomotor performance (Huey et al., 1989; Angilletta et 
al., 2002b) we found that test temperature significantly affected sprinting performance of male and 
female H. frenatus from all populations. Our results suggest that there is sex-specific thermal 
sensitivity in the tropical Cairns population, with females demonstrating reduced sprint speeds at 
the higher test temperatures compared to males. This is contrary to our hypothesis that greater 
divergence in sex-specific thermal sensitivities would occur in higher latitudes because it is a more 
restrictive thermal environment for sex-specific reproductive roles. We found no significant 
divergence in thermal sensitivity of sprint performance between the sexes in both the Rockhampton 
and Brisbane populations. The differences between the populations in male and female thermal 
sensitivity may be linked to the level of sexual dimorphism and the underlying mechanism within a 
population. Sexual dimorphism in H. frenatus varies systematically with latitude, with males and 
females from Cairns exhibiting a greater degree of sexual dimorphism in body size and head shape, 
compared to Brisbane H. frenatus that display little to no sexual dimorphism (see Chapter 3). A 
recent study on the highly sexually dimorphic lizard Eremias multiocellata found no significant 
difference between males and females in their locomotor performance, although this is not 
surprising given both males and females of this species use similar microhabitats and exhibit similar 
activity times (Tang et al., 2013). Similarly, no evidence of ecological differentiation (i.e. 
microhabitats) in male and female European wall lizards (Podarcis muralis) resulted in sexes 
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having equivalent shapes of their thermal performance curves for sprint speed (Zajitschek et al., 
2012). The thermal sensitivity (breadth and area) of sprint speed in these three populations of H. 
frenatus demonstrated limited geographical variation, which supports the evolutionary conservative 
versus evolutionary labile hypothesis, indicating that locomotor performance traits may be 
evolutionary conservative and do not readily undergo differentiation amongst populations and sexes 
(Hertz et al., 1983; Van Damme et al., 1989; Angilletta et al., 2002b).  
 
Our study provides an insight into how geographical variation in temperature regimes may shape 
male and female thermal performance curves. Overall we found that whole-organism performances 
differ between the sexes although there is limited support for our predictions of sex-specific thermal 
sensitivity. Had our study included more extreme temperatures approaching the upper or lower 
tolerance limits we may have seen greater divergence in the sexes, however the ecological 
relevance of such differences is likely to be minimal at best, as H. frenatus do not encounter such 
temperatures and most reptiles rarely, if ever, approach the limits of their tolerance range, (Huey 
and Stevenson, 1979; Huey, 1991). We also found evidence that geographical populations do differ 
in their thermal sensitivity of certain performance traits, and this can translate into sex-specific 
thermal sensitivity but is generally uncommon. It seems that thermal sensitivity of male and female 
H. frenatus is relatively fixed, however activity and sprint performance may demonstrate some 
plasticity towards the thermal minimum and maximum ranges. The results of this study suggest that 
the potential for sex-specificity of thermal sensitivity for some performance traits and difference 
between latitudinally dispersed populations may be more common than previously thought. It also 
seems that divergence between the sexes in thermal sensitivity of performance may offer a powerful 
tool for examining thermal adaptation because it circumvents many of the confounding influences 
of phylogeny when comparing populations and species. In conclusion, future comparative 
(interspecific and intraspecific) and evolutionary studies of performance traits and thermal 
sensitivity therein, may benefit from including sex and population (inclusive of body size and 
shape) as potential independent variables in analyses.  
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CHAPTER 5 
General Discussion 
 
Sexual variation in phenotypes in form and function is ubiquitous in nature, and its extent varies 
widely, within closely related groups and even species. Understanding patterns and the 
circumstances under which sexually divergent phenotypes evolve requires an understanding of both 
the proximate and evolutionary mechanisms involved (Kaliontzopoulou et al., 2013). Sexual 
selection is responsible for many of the most spectacular morphological features observed in nature, 
including the myriad of elaborate ornaments and weapons exhibited by males to both compete with 
other males and attract females (Darwin, 1871; Andersson, M., 1994). However, sexual selection 
alone does not define the magnitude of phenotypic divergence between the sexes, but rather the 
interplay between sexual and natural selection and the interactions with their environment (Lande, 
1980; Shine, 1989; Andersson, M., 1994; Huyghe et al., 2013). The environment can mediate the 
effects of natural and sexual selection through abiotic and biotic factors generating the functional 
context within which variation in individual fitness is generated. Intraspecific studies investigating 
associations between form and function of sex-specific traits provide a useful tool to understand the 
fundamental mechanisms that lead to the evolution of complex traits in males and females. The 
overall aim of this thesis was to gain a better understanding of the evolutionary mechanisms that 
drive patterns in sex-specific phenotypes, using a territorial gecko species (Hemidactylus frenatus) 
distributed over a large latitudinal cline. I explored the consequences of sexual selection on 
H. frenatus: (i) morphology and performance, (ii) performance trade-offs, (iii) geographic patterns 
of sexual dimorphism, and (iv) thermal physiology.  
 
Performance trade-offs and compensatory traits 
Sexual selection is considered the dominant mechanism by which exaggerated sexual traits 
exhibited by males of many species are shaped (Andersson, M., 1994; Berglund et al., 1996). The 
evolution of these traits is driven by a trade-off between the benefits accrued to mating success and 
the costs incurred because of decreased viability. One of the more intuitive viability costs that can 
result from the possession of exaggerated sexually selected traits is increased predation pressure as 
a result of reduced locomotor capacity. Despite mixed empirical support for such locomotor costs, 
recent studies have suggested that such costs may be masked by compensatory traits that effectively 
offset any detrimental effects. In Chapter 2 of this thesis, I provide a comprehensive assessment of 
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the locomotor costs associated with improved male-male competitive ability by simultaneously 
testing for locomotor trade-offs and potential compensatory mechanisms in territorial male and non-
territorial female geckos. First, I showed that the underlying determinants of male dominance, or 
their ability to win disputes with rivals, is reliant on an individual’s head size and bite force 
capabilities. Those males with larger, wider heads that were capable of biting harder were more 
likely to win territorial disputes against rivals than those with smaller, narrower heads. However, 
males exhibiting phenotypic characteristics that improve their ability to win fights also experienced 
decreased sprint speeds, suggesting that features that improve an individual’s ability to maintain 
dominance trade-off against their ability to forage for food and escape predators. Interestingly, 
females do not experience this trade-off. It seems that any increases in head size in females is 
correlated with similar increases in hind limb length that enable this trade-off to be alleviated via 
phenotypic compensation, potentially due to correlational selection. The sex specificity of this 
trade-off suggests that males and females may differ in their optimal strategies for dealing with the 
conflicting requirements of bite force and sprint speed. The research described in Chapter 2 clearly 
shows sexual selection is most intense on those phenotypic features that affect a male’s capacity to 
win fights and maintain territories and that performance trade-offs may limit the exaggeration of 
sexually selected traits, such as head size, but such costs have the potential to be mitigated by 
compensatory morphological changes.   
 
Latitudinal patterns in sexual dimorphism 
Latitudinal patterns of intraspecific sexual dimorphism are attributed to abiotic and biotic factors 
that co-vary with geographic variation. The best accepted theory for such biogeographic patterns, is 
that sexual selection may favour increased male traits because of the demands of male-male 
competition, producing larger males and weak disproportionate selection on female body size 
(Andersson, M., 1994; Fairbairn, 1997). Alternatively, the differential-plasticity hypothesis, 
suggests patterns may occur across taxa when males show greater phenotypic plasticity in traits than 
females (Fairbairn, 2005; Cox and Calsbeek, 2010; Starostova et al., 2010).  In Chapter 3, I 
explored the extent of divergences between the sexes in morphological and performance traits that 
were associated with dominance (identified in Chapter 2), across seven populations of H. frenatus 
spanning a latitudinal range of eleven degrees. I also assessed biotic factors (density and activity) in 
each population that potentially contribute to increased male-male combat in each population and 
the degree of sexual dimorphism. I found that density and activity systematically varied across H. 
frenatus’s latitudinal range, such that populations from the warmer, more tropical environments also 
had higher activities and lived at higher densities. This means males from the more tropical 
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populations should experience a much greater intensity of competition for territories. As expected, 
we found that males from the warmer, more tropical environments possessed wider heads relative to 
females (greater sexual dimorphism) than those from the cooler environments. This suggests that as 
the intensity of sexual selection on male territoriality increases there is a concomitant phenotypic 
divergence between the sexes in those traits that are most important for dominance. Given the costs 
of greater investment in head size and width on male sprinting performance (as seen in Chapter 2), 
future studies could investigate whether there is any evidence of an increased trade-off between 
sprint speed and bite force in more dimorphic populations and whether this results in any greater 
compensatory evolution of limb length among populations, such that sprint performance does not 
also systematically decrease with latitude. The results of Chapter 3 demonstrate that comparative 
analyses among populations are vital in confirming that macroevolutionary patterns arise from 
similar microevolutionary processes (Blanckenhorn et al., 2006; Corl et al., 2009). 
  
Sex differences in thermal sensitivity 
Many sexually dimorphic traits of ectotherms (physiology, performance and behaviour) are greatly 
affected by environmental temperature. As males and females frequently differ in their use of 
microhabitats (Butler et al., 2000; Asbury and Adolph, 2004), behaviour and overall activity 
(Stamps et al., 1997; Lailvaux et al., 2003; Asbury and Adolph, 2007; Yu et al., 2011), sex-specific 
variation in their use of the environment could be an important driver of divergence in whole-
organism performance. Each sex may benefit from different thermal dependence and sensitivities of 
performance that allow them to maximise fitness across the environments to which they are actually 
exposed; especially for traits closely related with either male or female reproductive success (Huey 
and Pianka, 2007). However, surprisingly few investigations have explored the potential for sex-
specific differences in the thermal dependence of whole-organism performance (Huey and Pianka, 
2007; Lailvaux, 2007; Polcak, D. and Gvozdik, L. 2014). In the final data chapter (Chapter 4) of 
this thesis, I explored the extent of sex-specific variation in the thermal sensitivity of activity and 
performance in three populations of H. frenatus that span a wide latitudinal cline. This chapter 
focused on how the intensity of sexual selection on the male’s ability to maintain territories and win 
resources at the expense of rivals could also result in divergence between the sexes in their thermal 
physiologies. I expected that the importance for males to maintain territories – both spatially and 
temporally - would result in males being more likely to extend their periods of activities and 
performance capacities into times when environmental temperatures were above or below their 
preferred range. Evidence consistent with this idea would show broader thermal sensitivities of 
activity and performance for males than females. I found that males consistently exhibited evidence 
of broader thermal performance ranges in both their propensity for activity and their sprint speed, 
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both of which support the idea that males extend their activity periods to a greater extent than 
females. Although it would seem surprising that males did not also possess broader thermal 
sensitivities in bite force than females, the general thermal insensitivity of this trait in both sexes 
negated any costs associated with the lack of divergence in males. This chapter provides an insight 
into how geographical variation in temperature regimes may shape male and female thermal 
performance curves. Overall, this chapter found that whole-organism performance traits differ 
between the sexes although there is only partial support for our predictions of variations in sex-
specific thermal sensitivity among latitudinal populations. It seems that thermal sensitivity of male 
and female H. frenatus is relatively fixed, however activity and sprint performance may 
demonstrate some plasticity towards the thermal minimum and maximum ranges. The results of this 
Chapter 4 suggest that the potential for sex-specificity of thermal sensitivity for some performance 
traits and difference between latitudinally dispersed populations may be more common than 
previously thought. It also seems that divergence between the sexes in thermal sensitivity of 
performance may offer a powerful tool for examining thermal adaptation because it circumvents 
many of the confounding influences of phylogeny when comparing populations and species. Future 
comparative (interspecific and intraspecific) and evolutionary studies of performance traits and 
thermal sensitivity therein, may benefit from including sex and population (inclusive of body size 
and shape) as potential independent variables in analyses.  
 
Sexual selection and performance 
While sexual selection studies have primarily focused on sex-specific morphological traits such as 
size and secondary trait dimorphism, less attention has been given to the functional differences 
between the sexes (Lailvaux, 2007; Lees et al., 2012). Morphological variation often translates into 
variation in performance capacity and therefore comparable differences in whole-organism 
performance between males and females (Arnold, 1983; Bennett and Huey, 1990; Cullum, 1998; 
Herrel et al., 2010). Exploring differences in performance capacities between the sexes is central to 
providing a mechanistic understanding of sexual dimorphism as performance provides a connection 
between morphology and physiology with the overall fitness of an individual (Arnold, 1983; 
Lailvaux et al., 2003; Lailvaux and Irschick, 2007b; Kaliontzopoulou et al., 2013). All three data 
chapters of this thesis provide substantial evidence that males and females frequently differ in their 
whole-organism performance. This was shown primarily in Chapters 3 and 4, which demonstrated 
that males frequently have increased performance (both sprint speed and bite force capacities) 
compared to females, even when body size has been accounted for. Also males seem to be the sex 
that has a greater divergence in whole- organism performance as seen in Chapter 3, supporting the 
differential-plasticity hypothesis; patterns occur across taxa when males show greater phenotypic 
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plasticity in traits than females (Fairbairn, 2005; Cox and Calsbeek, 2010; Starostova et al., 2010). 
The three data chapters within this thesis also provide evidence that morphological characteristics 
may be modified secondarily as a result of selection favouring different whole-organism 
performance optima in males and females (Chapter 3 - Lailvaux and Irschick, 2007a; 
Kaliontzopoulou et al., 2012), or in the case of exaggerated secondary sex traits may be enhanced to 
counteract the costs of possession of such traits (Chapter 2).  Overall, primarily focuses of these 
studies were on maximum performance of H. frenatus. From an evolutionary perspective, it may be 
important to examine how male and female H. frenatus employ maximal performance in nature 
under different ecological contexts as this may amplify or lessen the observed differences between 
the sexes and would shed light to the relative importance of sexual and natural selection as causal 
forces of both morphological and performance sexual dimorphism (Husak et al., 2006a; Irschick et 
al., 2008). 
 
Conclusions  
Intraspecific studies investigating associations between form and function of sex-specific traits 
provide a useful tool for understanding the fundamental mechanisms that lead to the evolution of 
complex traits in males and females (Irschick et al., 2007; Lailvaux and Vincent, 2007). The aim of 
this thesis was to gain a better understanding of the evolutionary mechanisms that drive patterns in 
sex-specific phenotypes, using a territorial gecko species distributed over a large latitudinal cline. 
This thesis adds to the large body of studies already published on sexual dimorphism and by 
providing a better understanding of the evolutionary mechanisms that drive patterns of divergence 
between the sexes in physiology, morphology, and performance. While the findings of this thesis 
suggest that both morphological and functional traits are under the influence of sexual selection, 
further studies should explore the broader role of whole-organism performance, and their 
interactions with the environment, in shaping the large diversity of patterns in the divergence of 
sexual dimorphic traits. Although this thesis cannot directly disentangle the evolutionary 
mechanisms responsible for sexual dimorphism alone all three data chapters add important 
information to our general understanding of the functional significance of sexual dimorphism. Both 
an expansion of comparative approaches and manipulative designs could help to tease apart the 
roles of sexual and natural selection in understanding the mechanisms driving difference in sex-
specific morphology and performance in organisms. Overall, the findings of this thesis demonstrate, 
that while examining the morphological differences between the sexes can provide support for the 
theory of sexual selection it is only through examining the underlying functional traits and the 
effects of environmental factors on both form and function that can we really gain a better 
understanding of the evolutionary mechanisms that drive sex-specific phenotypes. 
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APPENDIX 
Table A2.1: Path model output for the dominance trials comparing all eight models that describe the relationships 
among morphological and performance traits with dominance in male Hemidactylus frenatus. Where χ2 = Chi square 
goodness of fit, d.f. = degrees of freedom, K = number of parameters, AICC = the Akaike information criterion, wi = the 
Akaike weight and Rank = ranking order for all 10 models. Model I is more than 35% likely to be the best predictor of 
the relationship among morphological and performance traits and dominance. 
Model χ2 d.f. K AICC wi Rank 
Model A (Fig. A1-A) 0.2 1 34 484.1 0.000 10 
Model B (Fig. A1-B) 2.7 3 32 308.4 0.000 9 
Model E (Fig. A1-C) 1.1 2 25 84.0 0.000 8 
Model F (Fig. A1-D) 0.8 2 25 83.6 0.000 7 
Model C (Fig. A1-E) 1.2 4 23 56.2 0.021 5 
Model D (Fig. A1-F) 1.5 4 23 56.5 0.017 6 
Model G (Fig. A1-G) 17.9 6 21 51.2 0.256 2 
Model H (Fig. A1-H) 18.7 6 21 52.1 0.167 4 
Model I (Fig. A1-I) 26.51 7 20 50.7 0.325 1 
Model J (Fig. A1-J) 27.4 7 20 51.6 0.212 3 
 
Table A2.2: Path model output for prey capture trials comparing all eight models that describe the relationships among 
morphological and performance traits with prey capture (represented by dominance in graphical model – see Fig A1) in 
male Hemidactylus frenatus. Where χ2 = Chi square goodness of fit, d.f. = degrees of freedom, K = number of 
parameters, AICC = the Akaike information criterion, wi = the Akaike weight and Rank = ranking order for all 10 
models. Model G is more than 60% likely to be the best predictor of the relationship among morphological and 
performance traits and prey capture. 
Model χ2 d.f. K AICC wi Rank 
Model A (Fig. A1-A) 0.4 1 35 640.4 0.000 10 
Model B (Fig. A1-B) 2.0 3 32 307.7 0.000 9 
Model E (Fig. A1-C) 1.1 2 25 84.0 0.000 7 
Model F (Fig. A1-D) 1.7 2 25 84.6 0.000 8 
Model C (Fig. A1-E) 2.5 4 23 57.5 0.000 6 
Model D (Fig. A1-F) 3.1 4 23 58.1 0.000 5 
Model G (Fig. A1-G) 5.2 6 21 38.6 0.600 1 
Model H (Fig. A1-H) 6.4 6 21 39.7 0.345 2 
Model I (Fig. A1-I) 21.3 7 20 45.5 0.019 4 
Model J (Fig. A1-J) 20.2 7 20 44.4 0.033 3 
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Figure A2.1: The ten path models depicting the relationships among morphological and performance traits with 
dominance for male Hemidactylus frenatus.  The same path models were used for examining the relationships among 
morphology, performance and prey capture (substituting prey capture measurements for dominance).  
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Table A4.1: Results from the planned contrasts for routine activity and the interaction between measurement 
temperatures (oC), population and sex. These contrasts were produced using multiple comparisons via post hoc pairwise 
comparisons (Tukey-Kramer HSD contrast) on the best selected model for this performance (see Table 4.2). Significant 
differences are highlighted in bold.  
Multiple planned pairwise comparisons  Measurement 
temperature 
(oC) 
Coefficient SE Z value P value 
(Population and Sex) 
Cairns (male) x Cairns (female)  15 -0.26 0.14 -1.84 0.99 
!
20 0.17 0.10 1.65 1.00 
!
23 0.20 0.10 2.11 0.94 
!
26 0.12 0.10 1.28 1.00 
!
29 -0.01 0.09 -0.10 1.00 
!
32 0.18 0.10 1.84 0.09 
Rockhampton (male) x Rockhampton (female) 15 0.14 0.14 1.03 1.00 
!
20 0.23 0.10 2.27 0.87 
!
23 -0.04 0.10 -0.40 1.00 
!
26 -0.14 0.09 -1.54 1.00 
!
29 0.06 0.09 0.67 1.00 
!
32 -0.32 0.09 -3.58 0.05 
Brisbane (male) x Brisbane (female) 15 0.28 0.11 2.53 0.69 
!
20 0.06 0.10 0.63 1.00 
!
23 0.09 0.10 0.94 1.00 
!
26 0.11 0.10 1.13 1.00 
!
29 -0.13 0.09 -1.45 1.00 
!
32 0.06 0.10 0.59 1.00 
Rockhampton (male) x Cairns (male) 15 0.12 0.13 0.94 1.00 
!
20 -0.14 0.09 -1.60 1.00 
!
23 -0.54 0.08 -6.43 <0.01 
!
26 0.04 0.08 0.50 1.00 
!
29 0.00 0.08 -0.02 1.00 
!
32 0.11 0.08 1.40 1.00 
Brisbane (male) x Cairns (male) 15 1.33 0.12 11.32 <0.01 
!
20 0.30 0.09 3.40 0.10 
!
23 -0.32 0.09 -3.74 0.04 
!
26 -0.20 0.08 -2.44 0.76 
!
29 -0.04 0.08 -0.48 1.00 
!
32 -0.31 0.08 -3.76 0.03 
Brisbane (male) x Rockhampton (male) 15 1.20 0.11 10.60 <0.01 
!
20 0.45 0.09 4.98 <0.01 
!
23 0.22 0.09 2.52 0.70 
!
26 -0.24 0.08 -2.94 0.34 
!
29 -0.04 0.08 -0.46 1.00 
!
32 -0.43 0.08 -5.14 <0.01 
Rockhampton (female) x Cairns (female) 15 -0.28 0.14 -2.00 0.97 
!
20 -0.20 0.10 -1.99 0.97 
!
23 -0.29 0.09 -3.15 0.21 
!
26 -0.05 0.09 -0.55 1.00 
!      
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TABLE A4.1 CONTINUED.      
Multiple planned pairwise comparisons  
(Population and Sex) 
Measurement 
temperature 
(oC)  
Coefficient SE Z value P value 
Rockhampton (female) x Cairns (female) cont.! 29 0.03 0.09 0.31 1.00 
!
32 0.13 0.09 1.42 1.00 
Brisbane (female) x Cairns (female) 15 0.78 0.13 6.21 <0.01 
!
20 0.41 0.10 4.10 <0.01 
!
23 -0.21 0.10 -2.15 0.93 
!
26 -0.19 0.09 -2.03 0.96 
!
29 0.09 0.09 0.95 1.00 
!
32 -0.20 0.09 -2.10 0.95 
Brisbane (female) x Rockhampton (female) 15 1.07 0.13 8.29 <0.01 
!
20 0.62 0.10 6.21 <0.01 
!
23 0.09 0.09 0.94 1.00 
!
26 -0.14 0.09 -1.54 1.00 
!
29 0.06 0.09 0.67 1.00 
!
32 0.16 0.09 1.75 1.00 
!       
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Table A4.2: Results from the planned contrasts for sprint speed and the interaction between measurement temperatures 
(oC), population and sex. These contrasts were produced using multiple comparisons via post hoc pairwise comparisons 
(Tukey-Kramer HSD contrast) on the best selected model for this performance (see Table 4.4). Significant differences 
are highlighted in bold.  
Multiple planned pairwise comparisons  
(Population and Sex) 
Measurement 
temperature 
(oC)  
Coefficient SE Z value P value 
Cairns (male) x Cairns (female) 15 -2.71 6.32 -0.43 1.00 
 
20 8.53 6.32 1.35 1.00 
 
23 22.20 6.32 3.51 0.17 
 
26 5.30 6.32 0.84 1.00 
 
29 -2.14 6.32 -0.34 1.00 
 
32 33.82 6.32 5.35 <0.01 
 
35 34.39 6.27 5.48 <0.01 
Rockhampton (male) x Rockhampton (female) 15 0.57 6.06 0.09 1.00 
 
20 3.79 6.06 0.63 1.00 
 
23 8.23 6.06 1.36 1.00 
 
26 4.07 6.11 0.67 1.00 
 
29 4.05 6.11 0.66 1.00 
 
32 14.46 6.11 2.37 0.95 
 
35 -0.92 6.11 -0.15 1.00 
Brisbane (male) x Brisbane (female) 15 -0.89 6.23 -0.14 1.00 
 
20 6.59 6.23 1.06 1.00 
 
23 3.83 6.23 0.61 1.00 
 
26 4.52 6.23 0.73 1.00 
 
29 8.45 6.23 1.36 1.00 
 
32 3.34 6.23 0.54 1.00 
 
35 3.25 6.23 0.52 1.00 
Rockhampton (male) x Cairns (male) 15 17.69 5.69 3.11 0.44 
 
20 18.47 5.69 3.25 0.33 
 
23 10.25 5.69 1.80 1.00 
 
26 -1.24 5.69 -0.22 1.00 
 
29 5.01 5.69 0.88 1.00 
 
32 -14.45 5.69 -2.54 0.88 
 
35 18.20 5.69 3.20 0.37 
Brisbane (male) x Cairns (male) 15 8.38 5.79 1.45 1.00 
 
20 6.00 5.79 1.04 1.00 
 
23 -23.47 5.79 -4.05 0.03 
 
26 -11.17 5.79 -1.93 1.00 
 
29 -12.37 5.79 -2.14 0.99 
 
32 -25.90 5.79 -4.47 <0.01 
 
35 11.37 5.79 1.96 1.00 
Brisbane (male) x Rockhampton (male) 15 -9.32 5.74 -1.62 1.00 
 
20 -12.47 5.74 -2.17 0.98 
 
23 -33.73 5.74 -5.87 <0.01 
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TABLE A4.2 CONTINUED. 
     Multiple planned pairwise comparisons  
(Population and Sex) 
Measurement 
temperature 
(oC)  
Coefficient SE Z value P value 
Brisbane (male) x Rockhampton (male) cont. 26 -11.44 5.74 -1.99 1.00 
 
29 -17.38 5.74 -3.03 0.51 
 
32 -11.44 5.74 -1.99 1.00 
 
35 -6.83 5.74 -1.19 1.00 
Rockhampton (female) x Cairns (female) 15 14.42 6.33 2.28 0.97 
 
20 23.21 6.33 3.67 0.11 
 
23 24.23 6.33 3.83 0.05 
 
26 1.23 6.33 0.20 1.00 
 
29 6.19 6.33 -0.98 1.00 
 
32 19.35 6.33 3.06 0.48 
 
35 17.11 6.33 2.70 0.78 
Brisbane (female) x Cairns (female) 15 6.55 6.45 1.02 1.00 
 
20 7.94 6.45 1.23 1.00 
 
23 -5.10 6.45 -0.79 1.00 
 
26 -10.38 6.45 -1.61 1.00 
 
29 -22.96 6.45 -3.56 0.15 
 
32 4.58 6.45 0.71 1.00 
 
35 24.31 6.45 3.77 0.08 
Brisbane (female) x Rockhampton (female) 15 -7.86 6.25 -1.26 1.00 
 
20 -15.27 6.25 -2.45 0.92 
 
23 -29.32 6.25 -4.70 <0.01 
 
26 -11.62 6.25 -1.86 1.00 
 
29 -16.77 6.25 -2.69 0.79 
 
32 -14.77 6.25 -2.37 0.95 
 
35 7.19 6.25 1.15 1.00 
 
 
 
